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p. vill, line 6
p. 2, lines 1 through 4

p. 3 line 7

p. 6, line 11
p. 9, line 26
p. 10, insert

p. 10, line 20
p. 10, line 22

pp. 11 & 12, line
p. 16, figure S

p. 16, figure 6

ERRATA

change to Wing Upper Surface

delete; add “Duting the IPSA portion of the NAIL
program, surface static pressures weére measured as

follows on both the Inboard and outboard engine
Installationss

¢  Internal and external inlét surfaces .
e  Engine core cowling
¢ Pylon

¢  Neighboring upper and lower wing surfaces
A data base at.these locations was. acquired.at Mach

numbers 0.77, 0.8, 0.86, and 0.91 through three test
flights.

change NASI to NASI

change 499 to 557 and 322 to 380
change-(W Av 91‘%“1'2) to W A\[GT T,
@  free stream value '

a angle of attack

91' total temperat.ure ratio at engine face,
2 Ty Ty
P.  air density, slug/ft’

@  -circumferentlal position, degraes

4

total pressure ratio at.angine face, .. /p.
2 . ’ fz SLS

add SUBSCRIPTS after 1'2 and before {

change "pylonscore cowl intersection® to "pylon-fan
cowl intersection”

change "pylon-fan cowl intersection” to "pylon-core
cowl intersection®

at top of photograph, obliterated callouts ats
WBL 809, 834, and 870, reading left to tight

callouts reading from top to boitom in fower left-
hand corner are

Inboard aileron
Trailing-edge flaps
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p. 25, figure 9

p. 28, llne 2 -
p. 28, line 10
Pe 28, line 17

pe 29{ table &

P 3” table 7

P 36, fablé 8

In table for outboard engine (No. 4) change the Point
T NAC STA value from 216.12 to 206.10

delete "Side View" {from over bulleted items

In upper right hand corner, change "2°*" callout to
“2-deg pitch-up"

change to "..up to 2 deg relative to the WRP
(ﬁso 9)6“

change to “..WLT for each engine using distances
given in figure 9.4

add after *...or. WBL 834 outboard.*-*This refererice
nacelle statlon Is labeled NAC STA in figuee 9.

In table, change 301.07 cm (118.53 in) to 301.65¢ cm
(118.526 1n)

under g0/l (first part of tabtfa) change values to

0.2869
0.2859 - o=
0.2829
0.2799
0.2781
0.2765
0.2747
0.2730
0.2708
0.2696
0.2662
0.2638

a:.% 31: second column fpxp/ly Change 0.2329 to

change caltout M to G (upper left-hand corner)

change Cm = 206.080 cm (81,134 in} to C, = 206.080
cm (81,134 In} &

X,Y:G@rﬂ toX,Y:OatG
change first line of table to
x/c:8 Y/cs ;z/c:8

in INBOARD ahd OUTBOARD tables Intérchange
Y/C,, and Z/C, headings
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p. 37, table 9

P 383' b' table 10
p. 39, table 11

p. 41, table 13
p« 33, figure 21
p« 61, figure 33

p. 69’ line §
p. 73, table 19
ps 88, line 22

A-6, table A-2
A-26, table A-22, line §

A-28, table A-24, line 4

A-83, tigure A-56
A-87, figure A-58
A-89, figure A-S1
A-97, tigure A-68
A-98, figure A-89

B-19, tigure B-1

B-11, figure B-1

!’

in INBOARD and OUTBOARD tables Interchange

Y/C, and Z/C headings
replace with two new pages

delete 0.2750 and 0.4750 under WBL 443, UPPER and
close up

change NAC WL 180 to NAC WL 155 and change
NAC WL 155 to NAC WL 180

zhan)ge title to Accelerometer fnstatiation (Thcust
ink

line 14, add "Surge valve bleed position” in second
column

change M and VC to read My and Vyy
replace

change 10 ft/s to 5 ft/s

APPENDIX A
delete Engine 4 callout and boxed data

change CONDITION 117, 1.5g to CONDITION 117,
1.6g

tlzhange CONDITION 121, 1.5g to CONDITION 121,
68

réplace
teplace
réplace
replace

teplace

APPENDIX B
delate data point at 1.25 on 090-deg plot

dﬁ:te data point between 1,25 and 1.50 on 150-deg
P

delete data points between 1.23 and 1.7
3
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8-12, figure B-1
B-13, flgure B-1
B-29, figure B-2
B-30, figure B-2

B-31, figure B-2
B-32, figure B-2
B-33, tigure B-2
B-49, figure B-3
B-50, figure B-3
B-$1, figure B-3
B-52, figure B-3
B-53, figure B=3

delete data polnts between 1,25 and 1.73
delete data peints between 1.00 and 1.50
delete data polnts between 1.25 and 1.73

d?lete data polnts between 1,25 and 1.50 on 090-deg
plot

d'e!ete data polnts between 1.25 and 1.50 on 130-deg
plot d

delete data points between 1,50 and 1.75
delete data polats between 1.00 and 1.75
delete data poifits between 1,00 and 1.75

delete data points between 1.25 and 1.75 o
delete data point at .25 . -
delete data points between 1.00 and 1.50 o
delate data points l:et;reen 1.25 and 1.75 i
delete data points between 1.00 and 1.75 o

- B-58, figure B-3 delete data points between 1.00 and .73 *
a B-85 through B-87, figure B-3 delete local Mach = 0.0 data points (
B-39, tigute B-3 . ceplace graph ;
3 B-91, figure B-3 WBL 870, replace gragh :
: 1 B-101 through B-103, figure 8.3  delete local Mach = 0.0 data points ‘
! ‘: A 4
;‘: ‘;; B-106, tigure B-5 WBL..870, replace graph ’
: B-116 through B-118, figure B-7  delete local Mach = 0,0 data points : ‘
. .
» 121, figure B=7 WBL 870, replace graph i
i 8-133, figure B-3 WBL 870, replace graph
3 ‘ MICROFICHE
| Replaced entirely
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FOREWORD : !

f This document constitutes the test report of work conducted under NASA contract ?
NAS1-15325 from October 1979 through November 1980. The contract was managed by ‘
the NASA Energy Efficient Transport Office (EETPO), headed by Mr. R. V. Hood=a part
of the Aircraft Energy Efficlency (ACEE) program organization at the Langley Research
Center. Mr. D. B, Middleton and Mr. K. W. Helsing were.the technical monitors for the
contract, The work was performed within the Vice-President-Engineering and the Vice-
President-Flight Operatlons organizations.of the Boeing Commercial Alrplane Company.
Key contractor personnel responsible for the contract work weres

G. W. Hanks Fi 3. Davenport
Program Manager Structures Techrology

R. L. Martin.. F. W. Mcliroy
Project Manager Flight Test Instrumentation

K. H. Dickenson
Structures Technology

W. R. Lambert
Propulsion Technology

W. F. Wilson
Flight Test Operations

B. W. Facquh..
Propulsion Technology

C. D. Beard
Flight Test Instrumentation

E. L. Wallace
Flight Test Analysis

Rb Do La&mty
Industrial Engineering Flight Test Support

B. G. Skelton
Flight Test and Crew Training Support

Results of the total program, Including analysis of the test data contained in this réport,
will be provided in a separate NASA contractor report.
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The test effort was conducted in cooperation with the Pratt and Whitniey Altcraft

Company, wio were supported by the NASA Lewis Resedrch Centet under Contract
NAS3-20632.
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Principal measurements and calculations used during these studies were In customary ‘
units. : ‘

A ——r s = i Y

|
|
|
i

At A AE IRV~ ALY 2 A e m




? 1.0
f ] 2.0

1 3,0
-} 4.0

APPENDIX A

APPENDIX B

MICROFICHE
o

SUMMARY . .,
INTRODUCTION. .
2.1 Objectives . .
2.2 Backgreund .

.

*

2,3 APPreach « « o v o o 4 ¢ 0 0 0 b
SYMBOLS AND ABBREVIATIONS « « + «
TEST DESCRIPTION AND RESULTS . . . .
44 TestDescrlption . « o ¢ v o v 4 o &
bkl TestVehicle. « « v v v o o &
bololel FlghtLoads « o o o o 6 6 o ¢ ¢ 0 0 0 0 0 0 0 s

4.1.1.2 Installed Propulsion Systerm: Aerodynamics. . . . . .

8,12 INStEumentatlon «.. o 4 o 4 0 4 b0 e 6 0 0 0 b6 6 e e
G.1.2, PUGhELOAAS « o o « o o o ¢ o o o ¢ o ¢ ¢ o o &

4.1.2.2 Installed Propulsion System Aerodynamics . . . . .

4.4.3 Test Conditionsand Procedures . « + « « « ¢« « o ¢ « o
G.5.3.1 FUENLLOAAS « ¢ « o o o ¢ ¢ o o o o ¢ o o o o &

4.1.3.2 Installed Propulsion System Aerodynamics . . . . .

1.4 TestDataFormat o o« « « o « o o o o o o o o o s o o o

U2 TeStROSUITS « o v o « o ¢ o ¢ o ¢ ¢ o s o &
4.2.1 Aerodyhamic and Inertial Loads . . . .
4.2.1.1 Aerodynamicloads . . « . . .

4.2.1,2 Inertial Loads

® 6 6 & » 4 & o

.

L]

4.2.2 Installed Propulsion Syster: Aerodynatnics.

500 REFERBNCBS L . * 4 L ® [ ] L ] L 2 L ) ] L ) [ ] * . [ ] L ] [ ] L
Aerodynamic and Inertial Loads . . .
Installed Propulsion System Aerodynamics.

CRE

oprey
or

.

¢+ & 0 &t ¢ 0

Pressure Coeffictent and Mack Number Tables. . . . . . .
Pressure Coefticient Plots
Local Mach Number Plots . . . . . . .

4 8 % & &6 2 2 2 s b s b o

¢ & & o & 0

LY R AT T

Bt Geratey

Page

4+ WD W) e

~N \a

13
13
13
13
13
32
32
62
65
65
71
72
75
75
75
88
89
9t
A-l
B-1

80
220




TABLES Ol s T 0 '
OF POOR AL

Page ,

l WingCoordInates « « o o ¢ o o o s 0 o o 4 v o 0 o b 0 0 0 o o 18 !
2 Engine 3Pylon CoordInatess « o « v « s o 0 0 o 0 0 0 0000 26
3 Enging 4 Pylon Coordinates. « o« « + o o v o o ¢ o o ¢ o o o o o 27
L Engines 3and 4 Core Cowl CoordInates + + o o o o ¢ s « ¢ o o & 29
5 Engines 3and 4Inlet CoordInates « « + « 4+ o o ¢ 0 0 0 s 0 0 0 30 1
6 Englnes 3and & Fan Cowl.CoordIinet®s « o v o o o o o o o 4 4 o W 33 |
7 Engines 3 and & Pylon-Fan Cowlintersectlon « « « « v 4 o . 4 o o 33
8 Engine. 3 Wing-Bylon Intersectlon « « « « o v v ¢ o o o ¢ o o o & 36 ‘
9 Engine 4 Wing-PylonIntersectlon « « « v « ¢ o ¢ o o o o o o o » 37 ;
10 Pylon-Core Cowl INtersections « « o« « « o o o o o o o o o o o & 38 '
1 Wing Pressure Oriflce Locations « v« v v o v o v o 0 0 0 o 4 s 39 l
12 Engine 3 Pylon Pressure Orlflce LOCAtIONS « o o o o o o o & v 4 . 40 o
13 Engine 4 Pylon Pressure Oriflce LOcations « « o o o o o o o o+ o & bt ’ .\,.1
1% Engine 3 Inlet Pressure Orifice LOCAtIONS. « o o o o o « o o + .+ + 42 ;j
15 Englne 4 Inlet Pressure Orifice Locations. + « o . 4 o o . v . . . 43 l‘;
16 Engines 3 and 4 Core Cow! Pressure Orifice Locations . + . . . . . " o
17 Lateral Offset of Wing Pressure Belt Pressure Orifices From f*'

WingButtock Lite « v v v v v 6 v 4t b b e e e e e e e 66 )
18 Test Conditions FIOoWN o + v « v v v v v v v o 0 ¢ 0 o o o v o o 70 ‘
14 Inboard ALEFOM . « v v v 4 v v h e 73 .
20 Pressure Coefficient « . . v v v v v v v v v v v v b v ., 76 'j
21 Summaty of Measurements of Engine Performance . . . . . . . . 77
22 BEngine FUel-FIow Data o « ¢« v v o ¢« v 4 o ¢ o v o o o v o o s 78 ;
23 Measuremenits for Engine Clearance . +.v v v « o o o o o v o o & 79 :‘
24 Measurements of Turbine-Case Temperature : + o « « o o & « o & 80 '
25 Engine 3A-Flange ResUtANtS. « o v o v o o o o o o o o o o o o 83 )
A-1 Engine 3 Pressuce Port LOCAtIons « « « ¢ v ¢ v v 0 0 s o 0 0 o . A3 '
A-2 Pressure Corrections for Instrumentation Problems . . . . . . . . A-6
A-3 Fourler-Besse! Coefficients for Bngine 3 Pressures, Gondition 101

32 A-7
A-4 Fourler-Bessel Coefticients for Bngine 3 Pressures, Condition 101

(338K) e o v vt i et e e e e e e e e e e A-8
A-5 F&urier-sessel Coefticlents for Engine 3 Pressutes, Condition 101 A

b
1 vi

4 Badooo Lo




TABLES (Cancluded) R R N

~4

G g C;:;A.:.f’;":;'g" )
Page
4 A-6 Fourler-Bessel Coefficients for Engine 3 Pressures, Condition 118 . . A-10
A-7 Fourler-Bessel Coefficients for Engine 3 Fressures, Condition 102 . . A-11
A-8 Pourler-Bessel Coefficients for Engine 3 Prassures, Conditlon 103 . A-12
A-9 Fourler-Bessel Coofficients for Engine 3 Pressures, Condition 104 . . A-13
A-10 Fourler-Bessel Coefficients for Englne 3 Pressures, Condition 103 . . A-14

A<l Fourler-Bessel Goefficienss for Enging 3 Pressures, Cendition 106 . «  A-13
A-12 Fourler-Bessel Coefficients for Engine 3 Pressures, Conditlon 107 . . A-16

A-13 Pourler-Bessel Coetficients for. Engine 3 Pressures, Condition 108 . . A-17
A-14 Four! v-Begsel Coetflcients for Engine 3 Pressures, Condition 109 . . A-18 ;
A-15 Fourler-Bessel Coetficlents for Engine 3 Pressuces, Conditlon 116, . A-19 .
A-1€ Pourler-Bessel Coetficlents for Engine 3 Pressures, Condltion 11t . . A-20 ;
A-17 Pourler-Bessel Coefficients for Engine 3 Pressures, Condition 112 . . A-2} ;1
A-18 Fourler-Bessel Coefficients for Englne 2 Prestures, Condition 113 . .« A-22 ?'
A-19 Fourier-Bessel Coefficients for Engine 3 Pressures, Condition L14 . . A-23
A-20 Fourler-Bessel Coefficients for Engine 3 Pressures, Condition 115. . A-24 )
A-21 Fourler-Bessel Coetficients for Engine 3 Pressures, Condition 116 . . A-25 "
\ A-22 Fourler-Bessel Coefficients for Engine 3 Pressurés, Condition 117 . . A-26 ;
: A-23 Fouriet-Bessel Coefficients for Engine 3 Ptessures, Condition 120 . . A-27
A-24 Foutier-Bessel Coefficients for Engine 3 Pressutes, Condition 121 . . A-28 3 ?
A-25 Fourier-Bessel Coeffizients for Engine 3 Pressures, Condition 123 . . A-29 ' }
B-1 Sutmary of Selected Test Condition Averages . « « « « v v o v o B-3 .

Tablﬂ&ted- Déta fbl‘ ?est 273"09". COﬂdlﬂOﬂ 1.0001375001 e o s o o o B"‘u A




O 02 NN N a B W N -

NN NN N N NN B) = e s e = = s m e e

FIGURES

RAOQOL Test Alrpilane « o o o o o 0 o o
Inboard Engine Bulldupe « o + ¢ ¢ o o
Irboard Irilet Remaval « o « v o v o 4
Inboard Englne Remaval « v + « v v ¢
Pressure Orlfice Conflguration « . « .
Upper Wing Surface+ + o o ¢ o o v o &
747 Blastle Wing Twilste « « ¢ ¢ o o 4
Wing Coordinates Syatem « « ¢« + + ¢ o
Nacells Cooedinate Systém.. + + « « « o
Inboard Engine Pressure Taps, « + « o
Inboard Inlet Bressure Taps. .

*
.
.
L]
-

Pressure Teansdutet. « « o« o o ¢ o o o
Pressure Transducer Installation . . . ..

Pressure Transducer Box . « + ¢ « o o
Cow! Boor Pressure Taps. « « ¢« « o o+
Outboard Engine Pressure Taps « « « + .
Inertlal Data Sensors « « o o ¢ o o0 o
Q-FLEX Accelerometer « « « « o ¢ « &
Rate GYro « « o ¢ « ¢ ¢ ¢ o s o o o o
Accelerotneter and Rate Gyro . . + .« .
Accelerometer Installation (Thrust Link). .
Clearance Monitoring System. . « + + &
Laser Generator.-Boxes., « « « « « « + &
Fan Videé Camera Installation . . . . .
Turbine Video Camera Installation. . . .
FanlaserPeobe . . . . . ¢ v ¢ v o
Turbine Laser Probe. « . « « « v « + &
Turbine Laser Probe Installed'. . . , . .
Laser Proximity Probe-Locations . . .
Laser Systemn Video Monitors and Controls
Laser Video Tape Recorder. . . . . .
Nittogen System + & « o ¢ o ¢ o o ¢« &
Expanded Bngine Performance . . . . .

e

Gretey, oGk 19
OF POOR QUALITY

Page
14
14
15
15
16
16
23
24
25
b5

45..

47
47
48
48
49
49
50
50
51
53
53

56
36
57
58
38

60
60
6!
61

i o - e e ———— a e



(ﬂg‘n(,
F1ITAM

a
33
36
LY4

40

41

A-9

A-10
A-11
A-12
A-13
A-14
A-13
A-16
A-17

ISTANNVLL b

OF POUR QUALIVY

FIGURES (Continued)

Typical Crasa-Section of Wing Pressure Belt . . . +
Acceptance Flight Proflle + + « o v o v 0 0 0 ¢ o &
Viewof Pressure Ports. « v o+ o o o o o 0 0 0 v o 4

Alrborn~ Data Analysls and Monitoring System . + » +

TOSt Alfplaﬂ@ lﬁteﬂ@l’ ViGWo L] ¢ ¢ 0 0 ¢ ¢ 0 ¢ 0 L] L}
Sign Conventlon.for Steady-State Loads, Engine 3. .

Irilet Pltching Momerit Time History, 438 00w Ib Gros«
weisﬂtt&keof‘.....b.....000.00.

Inlet Alrload Moment Time History, 647 000 Ib Gross
Wélght'u'akéﬂﬂ.....o...........o

Alrload Moment Time History, Stall Warning Maneuver,
FmpsLO'ooooooo-oooooooivo.ooo

Pressuré Data Coordinate Conventlons. « « « « « +

Engine No. 3 Inlet Pressures, Condition 101, 612K GW
TQ’(QO‘: (F‘aps 20)0 L) . . . [} . . L] L[] [ [] . . [} [} [

Engine No. 3 Cowl Pressures, Condition 101, 612K GW
Takeoff (Flaps 29)0 . [ ] [ ] . L] [ » [) [ ] * [ [ ) . [ ) < .

Engine No. 3 Inlet Pragsures, Condition 101, S¥:ic
Takeoff (Flaps 10)0 . [ [ ] ] [ ] . . ] * L] . * . . .

Engine No. 3 Cowl Pressures, Condlition 101, 338K GW
Takeott (Flaps 10): [ ] L] . L ] . L] L2 [ ] [} L L[] L ] L] L L ]

Engine No. 3 Inlet Pressures, Condition 101, 647K GW
?akeaff ‘Flaps 10)0 L] L[] L] L[] [ ] . L] L] L] L ] . L ] » L[] L[] L[]

Engine No. 3 Cowl Presgsures, Condition 101, 647K GW
Takeoff (Flaps io). [} . . L] . [ ] ] . . ° . . . . L 3 [

Engine No. 3 Inlet Pressures, Condition 118, 780K GW
Simulated Takeoff (FLaps 10) . . « . . v+ ¢ ¢ ¢«

Engine Nu. 3 Cowl Pressures, Condition 11§, 780K GW
Simulated Takeoft (Flaps 10Y « + « « v ¢ ¢ o0 o 4 &

Engine No. 3 Inlet Pressures, Condition 102, Low Climb
Engine No. 3 Cowl Bressures, Condition 102, Low Climb
Engine No. 3 Inlet Pressures, Condition 103, Mid Climb.

.

L

Engine No. 3 Cowl Pressures, Condition 103, Mid Climb . .
Engine No. 3 Inlet Pressures, Condition 104, High M Cruise .
Engine No. 3 Cowl Pressures, Condition 104, High. M Cruise .
Engine No. 3 Intet Pressures, Condition 103; Low M Crulse .
Engine No, 3 Cowl Pressures, Condition 103, Lew M Crulse .

ix

.

L]

87
A-30
A-31
A-32
A-33
A-34
A-35
A-36
A-37

A-38
A-39
A-40
A-41
A-42
A-43
A-44
A-43
A-46

l
Y
B et
UL A
mandaadhit




e g Bl % AR Sk — e ..

J-J-"-' b

S

]

<.

P e

f!r 1 .

A-18
A-19
A-20
A-21
A-22
A-23
Ar24

A-235

A-%6 .

A-27
A-28
A-29

A-30
A-31
A-32
A-33
A-34
A-35
A-36
A-37
A-38

A-3%
A-40
A-41

A-42

FIGURES (Continued)

ORIGINAL PACE 13

OF POOR QUALITY

Engine No. 3 Inlet Pressures; Conditlon 106, Maximum M . .
Engine No. 3 Cowl Pressures, Condition 106; Maximum M. .
Engine No. 3 Inlet Pressutes, Conditlon 107, Inflight Relight
Engine No. 3 Cowl Pressures, Conditlon 107, Inflight Relight
Engine No.-3 Inlet Pressures, Conditlon 108, Maximum q . .
Engine No. 3 Cowl Pressures, Condition 108, Maximum q.. .

Englne No. 3 Intet Pressures, Condition.-109, Stall Warning
(Plapsup)oo-ooooocoo-aooorb'ctooo

.Englne Ne. 3 Cow! Pressures, Condition 109, Stall Warning

(Flapsup)oboch—oooa‘ooo--ooo-o-nvooo

Engine No. 3 Inlet Pressures, Conditlon 110, Stall Warning
(Flap‘to, ] L] * L3 . [ LI [ N ] L2 6 o L[] o 0 ¢ o~ &= ¢ L] L]

Engine No. 3 Cowl.Pressures, Condition 110, Stall Warning

(P‘aps 10) 6 & 6 & 6 6 & 6 6 & o 2 6 0 o s 0 & & o 0 0 '

Engine No. 3 Inlet Pressures, Condition 111, Stalt Waening
(Flaps 30" ® LI . . L ] L [ ] . ] ¢ . » L) [ ] . [ [ ¢ . . .

Englne No. 3 Cow! Pressures, Contition 111, Stall Warning
(Flaps 30) . . . ] . . » ] L L) [ ] [ ] . . . . L[] L [ ] L J . .

Engine No. 3 Inlet Pressures, Condition 112, Idle Déscent. .
Engine No. 3 Cowl Pressures, Condition 112, 1dle Descent

Engine No. 3 Inlet Pressures, Condition 113, Approach . .
Engine No. 3 Cowl Pressures, Condition 113 Apptoach . .
Engine No. 3 Intet Pressures, Condition k14, Touch and Go
Engine No. 3 Cow! Pressures, Condition 114, Touch and Go .
Engine No. 3 Infet Pressures, Condition 115, Thrust Reverse
Engine No. 3 Cowl Pressures, Condition 115, Theust Reverse
Enhgine No,.3 Inlet Pressures, Condition 116, 2.0g Left Turn

L 4

(PlapSUp).....-.«....—.....‘..-...-

Engine No. 3 Cowl Pressures, Condition 116, 2.08 Left Turn
(FMQUP)GC.OOOQOOOO—O00.00—.0000

Engine No. 3 Inlet Pressures, Condition 117, 1.6 Left Turn

(Flaps 30) ¢ &6 & o B & & 5 5 * s o 0 & e & o & & b o

Engine No. 3 Cowl Pressures, Condition 117, 1.6 Left Tuen .
(Flaps 30) L] ] [ ] . L] [ ] L ] L ] L ] . ] [ ] . L ] * L] . [ . . L ] [ ]

Engihe No. 3 Inlet Prassures, Condition 120, 2.0g Right Turn
(F‘apsup)o......000000.00000000

Page
A-H7
A-48
A-49
A-50
A-51
A-52

A-33
A-54
A-55
A-36
A-57

A-58
A-59
A-60
A-61
A-62
A-63
A-64
A-65
As86

A-87
A-68
A-69
A-70

A-71

4 e e ———— e — s e e




!
!
!
i
{
|

m o e e

e mE e e e aiom e

A-43
A-bb
A-43

A-46
A-47
A-48

A-49

A-~61

A-62
A-63
A-64
A-65
A-66

A-67

FIGURES (Continued)

ORIGINAL Foc
QF POOR Qha e

Engine No. 3 Cowl Pressures, Condition 120, 2,08 Right Tuen
(Flaps Up) L * * L . * . . 14 [ [ ] ® . ] ’ ’ L] [ 1) . L] [ . .

Engine No. 3 Inlet Pressures, Condition 121, 1.6g Right Turn
(Flaps 30) 4 L] [ L] [} L} . 1) [] L] ’ . [] L] . [ L] L] L] L] . L] . 1

Engine No. 3 Cowl Pressures, Condition 121, 1.6g Right Turn
(Flaps 30)’ . L] L] L) L] [ [} [ L) [ L) [ o . [ ] [} [ [ ] L) . [ 1] [ ] ¢

Engine No. 3 Inlet Pressures, Condition 123, Alrplane Stall . . .
Engine No~-3 Cowl Pressures, Cotidition 123, Alrplane Stall . . .

Engine No. 4 Inlet Pressures, Conditlon 101, 612K Gross
Welght-fakeoﬂ.........-..v...........

Engine No. & Inlet Pressures, Condition 10, 538K Gross Weight .. .

Takeoﬂ........-..-......;o.......

Engine No. 4 Inlet Pressures, Condition 101, 647K Gross Welght
?akeoff . . . . L) [ N [ ] L] . [ [ ] [ [ [ ] . L[] [ ] . L] [ ] [ ) L] [

Engine No. 4 Intet Pressures, Condition 118, 780K Gross Weight
Slmlated’ Takeofi . * . L] [ ] . L] . v L] L L] . * L] . . . . [ ]

Engine No. & Inlet Pressures, Condition 102, Low Climbs . . . .
Engine No. & Inlet Pressures, Condition 103, Mid Climb. . . . .
Engine No. 4 Inlet Pressures, Condition 104, High M Cruise . . .
Engine No. 4 Inlet Pressures, Condition 105, Low M Cruise . . .
Engine No. 4 Inlet Préssures, Condition 106, MaximumM . . . .
Engine No. 4 Inlet Pressures, Condition 107, Inflight Relight . .
Engine No. 4 Inlet Pressures; Condition 108; Maximum q . . . .

Engine No. & Infet Pressures, Condition 109, Stall Warning
(Fh‘psup).o..00000.000‘0-0.00.0005

Engine No. 4 Inlet Pressures, Condition 110, Stall Warning
(Flaps 10) * [ ) . * L * L ] » * > ¢ L ] [ 3 - . L 2 * L . . L ] . L 2 L[]

Englne No. 4 Inlet Pressures, Conditlon 111, Stall Warning
(Flam 30) [ 2 * L ] L L 1 o o L ] L] é L ] [ ] * L ] L L ) e . L L J L[] L] L]

Engine No. & Inlet Pressures, Condition 112, tdle Destent. . . .
Engine No. 4 Inlet Pressures, Condition 113, Approach . . . . .
Engine No. & Inlet Pressures, Condition 114, Touchand Go . . .
Engine No. 4 Inlet Pressures, Condition 113, Theust Reverse . .

Engine No. & Inlet Pressures, Condition 116, 2.0g Left Turn
(P!aps Up) * L] L] . L] L] . . . . [ ) * L] L] . L] L] . L] [ L] L] [ 2 L[]

Engine No. 4 Inlet Pressures, Condition 117, 1.6g Lett Turn
(Flaps 30) L] . * . L] L] 1 ] . L[] [ ] L[] L[] L ] L ] [ L] L ] . L] . L[] . L L ] .

al

e

i
i
N
‘L
i
- i}
"o g
: il
N
" ‘VI
LN )
N
v "‘
L b
] I’
s

Page
A-72
A-73

A-74
A-75
A-76

A-77

A-78

A-79

A-80
A-3!
A-82
A-83
A-84
A-85
A-86
A-8§7

A-88

A-89

A-90
A-91
A-92
A-93
A-94

A-95

A-96

T et i g = - om ee




-

EK Y

;‘S

R T Y

A-68
A-69

A-70
A-71
A-72
A-73
A-74
A-735
A-76
A-77
A78

A-79

A-80
A-81
A-82
A-83
B-1

B-2
B-3
B-4
B-5
B-6
B-7

B-8

FIGURES (Concluded)

Engine No. 4 Inlet Pressures, Condition £20, 2.0g Right Turn
(Flaps Up) L} L} . . . L] L) ] . [} [} 1) 1) * [ ] . * . [ ] . L) .

Engine No. 4 Inlet Pressures, Condition 121 » L.6g Right Turn
(FlapsUp)...-..,..........o....

Engline No. & Inlet Pressures, Condition 123, Alrplane Stall ,
Alrplane Center-of-Gravity Accelerations, Mild Gust . . |,
Engine No. 3 Wing/Steut Accelerations, Mild Gust . ..., . .
Engine No. 4 Wing/Strut Accelerations, Mild Gust . , ., , .
Engine Angular. Rates, Mild Gust ., ..., .., ., . . .
Engine No. 3 Accelerations, Mild Gust . . . b ek e e

[

Engine No. 4 Accelerations, Mild Gust . T T,
Airplane Center-of-Gravity Normal Acceleration, Hard Landing.
Airplane Center-of-Gravity Angular Rates, Hard Landing. . ., .

Engine No. 3 Wing/Strut Accelerations, Hard Landing . . .
Engine No. 4 Wing/Strut Accelerations, Hard Landing . . .
Engine Afigular Rates, Hard Landing., . . . ..., ....
Engine No. 3 Accelerations, Hard Landing . . .., .. ..
Engine No. 4 Accelerations, Hard Landing . . . ..., ..

Sample of Pressure Coefficient Data (Test 273-12, Condition
10000137000101) L] . * . . * [ ] * L] » L] . L] * . ] * L ] * L]

Sample of Pressure Coefficient Data (Test 273-12, Condition
100001370002) . L] . . * * L] L] L L] * * L] [ [ ] " o L] L] * *

Sample of Pressure Coetficient Data (Test 273-12, Condition
100001370003) L] ¢ * ] 4 L] [ L] L] é ] * L[] L] L[] . . * * . L ]

Sample of Pressure Coefficiant Data (Test 273-12, Condition
10000137o00a) L] L] L IR ke 4 * L] L] ¢~ . L] L [) * L LN L ] L] *

Sample of Local Mach Numbet Data (Test 273-12, Condition
10000137000101) L] . L [ ] L] L] L] . L] . . [ 3 L ] L ] . [ * L [

Sample of Local Mach Number Data (Test 273-12, Condition
10000137‘002) L] L * * * * L ] * [ ] . b I 3 [ ] L[] . L] > o ] [ ) L]

Sample of Local Mach Number Data (Test 273-12; Condition
100001370003) * . . L] . L[] * . L[] L] L A 1 . [ ] L] L] [ ] L[] L] [ .

Sample of Local Mach Number Data (Test 273-13, Condition
loOOol 37000“) L] ¢ * * [ ] [ 2 L] [ ] . * L] . . L] [ ] [ ] . . L L]

>

ORIGINAL PAOR |9
OF POOR QUALITY

Page
A-97

A-98

A-99
A-100
A-101
A-102
A-103
A-104
A-105
J=106
A-107
A-108
A-109
A-110
A-111
A-112

B-5

B-25 .

B-45
B-66
B-81

B-97

| B-112

B-127

)

| P o



= 3

1.0 SUMMARY

The Nacelle Aerodynamics and Inertial Loads (NAIL) program comprised a series of test
flights that produced an in-flight measured data base of the aerodynamic and inertial
loads imposed on right-hand inboard and.outboard JTID engines installed on the Boeing
747 RAOOL test bed aircraft. Wing and engine Installéd performance data were also
obtained. !n this report the aerodynarnic and inertial loads portion of the test program is
referred to as the flight loads, and the wing and ergine instalied performance portion is
referred to as the instalied propulsion system aerodynamics (IPSA).

Duririg the flight loads portion of the test program, surface static pressures were
measured on thes

Internal and external surfaces of the inboard inlet

External surface of the fan cowl doors of the inboard nacelle
External surface of the fan exhaust sleeve of the inboard nacelle
Internal and external surfaces of the outboard inlet

e & & @

Linear accelerations and pitch and yaw rates were also measured on both inboard and
outboard nacelle and pylon installations.

The following measurements were made simuitaneously with the surface static pressure
measurements:

e  Engine clearance changes on both inboard and outboard engines
o  Turbine case temperature on.the inboard engine
¢  Engine performance on both inboard and outboard engines

The resulting data were correlated with the flight loads. These measurements—
¢ Duplicated a portion of the airplane flight acceptatice test profile

®. Demonstrated the effects of variations in takeoff gross weight
e  lllustrated the effects of high-g maneuvers
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During the IPSA portion of the NAIL program; surface static pressures were measured on
the nacelle, pylon, and nelghboring wing surfaces on engines 3 and 4 (inboard and

outboard). A data base was acquired at Mach numbers 0.77, 0.80, 0.86, and 0.91 through
three flights of the RA001,

Pressure coefficient and local Mach number distributions were plotted for each row of
pressure orifices. A geometrical description of the surfaces and préssure orifice locations
on the nacelle, pylon, and. wing is provided. The IPSA data base, derived from a.full-scale

flight vehicle, should assist in verification and developient of .analytical models and.

eventually provide the ability to predict wing-mounted propulsion system performance.




S IR

2,0 INTRODUCTION

The test program recommended in the feasibility study (ref. 1) describes a flight test in
which flight loads and engine clearance changes can be measured simultaneously on the
747/3T9D engine installation. NASA-Langley and NASA-Lewls Research Centers authot-
ized and jointly funded this program under separate contracts for Boeing Commercial
Airplane Company (BCAC) and Pratt & Whitney Aircraft. (P&WA). The BCAC effort,
Nacelle Aerodynamic and Inertlal Loads (NAIL) project, was funded. by NASA-Langley
under Task 4.3 of contract NASI-15325. The P&WA effort was funded by NASA-Lewis
under Task V, JT9D Engine Diagnostic Elight Loads. Test program, contract NAS3-20632,

Subsequenitly, the BCAC contract was revised to include the instalied propulsion system.

aerodynamics (IPSA) effort. The successful completion of this joint test pregram was orily
possible through the contihuous and extensive coordination between BCAC and P&WA and
the excellent cooperation of the NASA-Langley and NASA-Lewis Research Centers. This

document reports the BCAC effort during the test program and represeénts early release
of flight test data.

The testing was conducted on the Boeing-owned 747 RA00! test bed aitplane during the
concurtent 767/JTID-7R4 engine development program. Following a functional check
flight conducted from Boeing Field International (BFI) on 3 October 1980, the airplane and
test personnel were fetried to Valley Industrial Park (GSG) neat Glasgow, Montana, oh
7 October 1980. The combined NAIL and 767/3TID-7R4 test flights were conducted at

the Glasgow remote test site, and the airplane was returned to Seatfle on 26 October
1980.

2.t OBJECTIVES
Objectives of the NAILL flight test program were tos

©  Measure flight loads (aetodynamic and inertial) typical of acceptance test and
révefue service

o Exqiote the effects of gross weight, sink rate, pitch rate, and various maneuvers on
nacelle loads

o0  Measute simultaneously engine cleatance closures and engine perfotmance changes

b Ve e

‘t
!
!
|
!
{
!




[ Provide a data base for designing improved propulsion systems (performance 1
retention) ) |

. Provide a data base of pressures measured on wing, pylon, and nacelle surfaces of

both inboard and outboard propulsion installations of commercial transport~-sized

-‘ aircraft and. to gather Information on aieflow patterns surrounding the powerplant
A installations using static pressure surveys

2.2 BACKGROIND |

Since introduction of the.jet engine into commercial teansport. service, historical.data J
have indicated that deterioration. of engine specific fuel.consumption (SFC). occurs ovee ;
the life of instatied engines. Until. recent shortages in. fuel and the résulting high fuel !
costs, increases in..fuel consumption were considered to be a nuisance rather than a
technical problem requiring a solution. Motivated by fuel shortages and costs, the NASA :
Engine Component Imiprovement (ECI) program (part of the NASA Aircraft .Energy |
Efficiency program) was made responsible for determining the cause of and potential
solutions to installed engine SFC deterioration. As part of the ECI program, BCAC
assisted P&WA under their NASA-Lewis contract NAS3-20632 during evaluation of the
problem. It was found that the SFC of engines increased from 0.5% to 6% from the time
of removal from the acceptance test stand followed by installation and operation on the
airplane for a given peériod of time. Measurement of rotor blades at the outer. diameter
and inspection of the inner surface of engine cases indicated that definite interference .
occurred between.the blades and the case. .This interference resulted in increased
clearance and gas flow leakage between the blades and the outside case.. The study found

that 87% of the increase in SEC was due to flight loads oecurring within the first 50 flight
cycles.
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T Factors contributing significantly to engine performance losses are divided into engine
' loads and flight loads, as followss

| ¢  Engine loads (those loads not related to the flight envitonment)
e e  Internal engine pressures

1 ¢  Thermal loads due to temperature differentials
N‘;l o  Thrust loads—fore and aft
B ®  Centrifugal loads
: 4
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o  Filght loads (those loads imposed by the flight environment)
) Aerodynamic pressures
o Inertial forces

A finite element model analysis using these factors predicted a 1% increase In SFC at sea
level due to the aircraft acceptance flight test.

Aircraft fuel consumption ls propoctional to alrcraft drag. Thus to reduce fuel
consumption,. drag should be minimized. Most mechanisms of drag . production are
understood and are predictable to some degree, with the exception of a comporient termed
"interference deag.™ This drag results from distuption of the flow over the wing caused by
the wing-mounted- propulsion system In the vicinity of the propulsion system. This
interruption Interferes with the wing performance. Current techhiques for estimating and
minimizing interference drag rely heavily on comprehensive test programs that
independently vary a set. of parameters believed to significantly influence interference.
Current analytical technology is sufficiently advanced so that transohic potential flows
around arbitrary three-dimensional bodies can be accurately predicted. However, the
development of analytical techniques depends exténsively on éxperimental results for
comparison of the predicted results. Development of analytical techniques to model the
physics of flow about propulsion systems installed near wings has been initiated and some
of the techniques are nearing completion. However, the comprehensive data base to
which these. predictiohs could be compared is lacking.

2.3 APPROACH

Recorhmendations and conclusions of previous studies prescribed a feasible cost-effective
approach to the NASA-funded NAIL/IT9D Flight Loads flight test program. This joint
program involved BCAC and P&WA, funded by NASA-Langley and by NASA-Lewis,
réspectively.

A 15-hour flight test program covering portions of .the acceptance flight profile,
variations in takeoff and landing conditions, and high-g tutns was chosen to measure
simultaneously the flight loads (cause) and engine clearance changes (effect) associated
with engine perfoftance deterioration. The flight test program used the Boeing-owned
747 RA00t aircraft.
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Aerodynamic loads were measured by 252 static pressure ports en the Inboard nhacelle
(engine 3) and 45 static pressure ports on the outboard nacelle (engine 4),

Inertial loads were measured.by six accelerometers and two rate gyros on both the inboard
and outboard engines. The pylen and strut interface of both engines was equipped with an
additional six accelerometers. The resulting éngine clearance changes were measured by
laser proximity probes on the fan of both.engines and on the high. pressure turbine of the
inboard engine. The expanded engine perforsance Instrumentation and .20 high-pressure
turbine thermocouples provided additional data on the Inboard engine for resolving
clearance and performance changes.

The IPSA pressure data were obtained in the neighborhood of. both engines by a total of
499 static pressure orifices; 322 of these were arranged in rows above and below the wing
and on each side of both pylons and core cowls.. The cemaining data, on both .inlets and
fan cowls, were acquired from part of the aerodynamic loads instrumentation.
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3.0 SYMBOLS AND ABBREVIATIONS G bt GHETEY

A, Fourlier-Bessel coefficient for nth cosine harmonic
R AC axial acceleration
L ACCEL acceleration
ADAMS alrborne data analysis and monitor systerh
A-flange englne {r * flange at nacelle statioh 100
A, acceleratlon In x-direction .
2 Ay acceleration in y-dicection
; A, acceleration In 2-direction
oo By Fourler«Bessel coefficient for nth sine harmonic
BCAC Boeing Commercial Airplane Company
BF1 Boeing Field Ifiternational, Seattle, Washington
CG center of gravity
Cp pressute coefficient
?i deg degrees
;3; ' ECI engine component improvement program
EPR engine pressure ratio
E3 engine position 3
E4 ehgine position &
it feet
FLTRD filtered .
F$ front spar
FT flight test
Fy force in the x-direction
F‘y force in the y-direction
F, fotce in the z-directioh
8 acceleration of gravity
- GSG Valléy Ihdustrial Park, nottheastern Montana




GW

Hp

HPC IGV POS

HPT
HWLDG
Hz

IGDA

In

in-kip
INLET STA

IPSA
IRIG

kny KTS
kecas

LAST
ib

LH
Ibm

3xzx=zz=

SN <

NAC BL

airplane gross welght

pressure altitude

high-pressure compressor iilet guide vane positicn
high-pressure turbine

heavywelght landing

hertz (cycles per second)

Interactive graphics data analysis

Inch

1000 inch~-pounds.

Inlet statlon, value increases moving aft

along inlet centerline

Installed propulsion system aetodynarnics
inter-range instrumentation group master clock

knots

knots calibrated airspeed, indicated airspeed corrected
for position error (calibrated airspeed equals true
airspeed in standard atmosphere at sea level)

final formated tape produced by the flight test data system
pound

left hand
pounds mass

Mach riumber, ratio of true alrspeed to the
veloeity of soune

design cruise Mach number

moment about ik x-axis

moment about the y-axis

rhoment about the z-axis

minutes

nacelle buttock line, value increases moving
outboard in the nacelle coordinate system
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NAC STA
NAC WL

NAIL
NASA
NASTRAN
NI

N2

OCLK

)
PC

POS

PSI (1b/in?)

Pg

PS3

PS4

Pr

PT2.5

PT3

P17

PWR LVR ANG
PAWA

bR
RA00!
RH

rms
RWA

set

nom

nacelle station, value increasas moving aft

In the nacelle courdinate system

nacelle waterline, value increases moving

up In the nacelle coordinate system

nacelle aercdynamics and Inertlal loads
National Aeronautics and Space Adminlstration
MNASA structural analysls

low-pressure eotor spéed

high-pressure rotor speed

, » Qreeniel, e Im
clock position OF FUGE QUALITY
pressure
pressure coefficient
position

poufids per square inch

static pressure

low-pressure compressor discharge static pressure
high-ptessure compresseor discharge static pressure
total pressure

fan stream total pressure at exit guide varie
low-pressure compressor discharge total pressure
low-pressure turbine discharge total pressure
power lever angle

Pratt & Whitney Alrcraft

dynamic pressute, % P v2

Boeing-owned 747-100 research alecraft t
tight hand
root mean sguare

referred engine alrtlow, (WA‘,h 2/%73)

seconds
arc length along sutface frem highlight
nothinal arc length along surtace
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sFC
SLS

TO
TR

TT3
TT4.5
TT6
TT17

SR ™ Fooa

specific fue} consumption
sea level standard

takaoff

thrust reverse

total temperature

lew-predsure comprossor discharge total témperature
high-pressure compressor discharge total femperature
high-pressure turbine. discharge total temperasure
low-pressure turbine discharge total temperature

true airspeed; feet per second

design cruise speed

stalling speed ot the minimum steady flight speed
at which airplane is controltable

engine airflow

wing buttock line, value increages by moving eutboard
tuel flow rate

wing front spar

wing reference plane

windup turn, a level turn produced by increasing the angle
of bank at a prescribed rate

free stream vatue

angle of attack

total temperature ratio at engine face
air density, smg/f*t3

citcumterential position, degrees
total pressure ratio at engine face, P.rz/PSLs

+T1,/Tses

fan cow!

Pylon-core cowl intersection
highlight

inlet

core cowl

engine 4 wing-pyloh inter. .action
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4 m pylon-fan cowl intersection
N n engine 3 wing-pylon intersection
( $ pylon (strut)
w wing
“ 11&12
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4.0 TEST DESCRIPTION AND RESULTS
4.1 TEST DESCRIPTION

The Boelng-owned 747 RAO0! test bed alrcraft (fig. 1) was the basis of the Nacelle
Aerodynamic and Inertial Load (NAIL) flight test program, which.comprised two basic
studies and data collection systems divided into the flight loads and Instalied propulsion
system aerodynamics (IPSA) programs, Whete necessary, discussion of the flight loads and
IPSA portions are separated for clarity. However, airplane and performance data were
used. by both programs, and some of the flight loads pressure data. were used by the IPSA
program.

4.1.1 Test Vehicle

%.1.1.1 Plight Loads

The NAIL program required fabrication and installation effort to provide the teans to
collect, control, and maintain the quality and quantity of data obtained. The flight loads
portion of the program required instrumentation of the inboard and outboard engines (i.e.,
positions 3 and-4). Highest emphasis was placed oh engine 3, which Is shown on the wing
during the buildup petiod (tig. 2).

Likewise, during the postflight test phase, refurbishment was necessary to prepdre the
airceait for the-next program. Inlet 3 (fig. 3) was removed followed by engine 3 (fig. 4),
which-was shipped to Pratt and Whitney Aircraft (P&WA) for further static testing
followed by an analytical teardown and refurbishment.

4.1.1.2 Installed Propulsion System Aeredynamics

Desctiption of the basic B-747 test vehicle pertinent to the IPSA program requires a
geometrical definition of the fan inlet, fan cowl, pylon; and core cow! for an inboard and
an outboard engine installatioh and requires neighboring wing geometty for each efigine,
This description is provided by defining the local geometry with relative positions and
cohtours of pressure orifice rows and wing-pylon, pylon-nacelle intersections. Figutes 5
and 6 describe the location and nomenclature for the ptessure orifice rows.
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Wing Geometry~Coordinates defining the wing cross-sectional profiles (table 1) are
measured along and perpendicular to the wing reference plane (WRP), The WRP is an
untwisted plane with 7-deg dihedral and +2-deg angle of incidence to the aircraft body
centerline, The coordinates given in table 1 orient the wing profiles as they are In the no-
load or jig pesition, so that the wing leading edges are not necessarily on WRP. See figure
7 for a plot of the jig wing twist. The In-flight wing twist, measured at 50% chord, varies
with airplane Mach number and gress weight. In figure 7, the elastic wing twist is plotted
for a Mach number 6f.0.86 at two r¢presentative airplané gross weights.

The spanwise location of each. wing cross-sectional profile is denoted by a wing buttock
line (WBL), whiclr defines a plane perpendicular to the WRP (fig. 8). The relative fore and
aft location of the wing cross«sectional profile at each WBL due to wing sweep is also
shown in figure 8. Here, the leading-edge sweep angle is identified inboard and outboard
of WBL 470 (inboard engine) and WBL 834 (outboard engine). :

The leading-edge sweep angle is measured in the WRP relative to a line that is
perpendiculac to each. WBL (470 and 834) and passes through the intersection of the WBL
plane and the projection of the wing leading edge in the WRP (tig. 8). The wing leading-
edge sweep is constant between WBL 445 and 834, However, it changes outboard of WBL
834 (outboard engine).

Also at WBL 834, a fairing extends from the outboard strut over the wing leading edge.
Fairing coordinates given in table | are along the intersection of the WBL 834 plane and
the fairing surface.

Engine Nacelle and Pylon Geometry-Coordinates defining engine nacelle and pylon
geometry are given in a second coordinate system, the nacelle, which is shown in relation
to the WRP in figures 8 and 9.

Pylon cross-sectional coordinates (tables.2 and 3) are measured along and perpendicular. to
the nacelle buttock line (NAC BL) 0.0, which defines a plane perpendicular to the WRP
that is toed Inboard 2-deg relative to the WBL plane (fig. 8). Depending on engine
location, the otigin of this 2-deg toe-in is at the interséction of the WBL 470/834 plane
and thé WRP at the projection of the WBL 470/834 wing profile leading edge. These
profile leading edges are labeled T (figs. 8 and 9). A side view of the pylon and engine
nacelle (fig. 9) shows that the pylon coordinates (tables 2 and 3) are contained in nacelle
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Table 1. Wing Coordinates ‘

m‘:: \
Y Yiowen
X .

Xw- 0 @ WING LEADING EDGE
WBL 445 C,,, = 989,78 ¢m (389.68 in)

} Xw : Yuerea Y Lowen ;1
CW' . : cw , cw : ;1
1 |
0.00 -0.00206 0.00208 L
001 6.90901 0.00605 ;7
0.02 0.01414 0.00837 :
0.03 0.01791 0.00985 |
0.05 0.02333 : 0.01196 .
0.10 0.03198 0.01865 L
0.16 © 003790 0.02088 g
= 0.20 0.04234 0.02303 ’
N 0.26 0.04860 0:02682 ;
0.30 0.04783 0.02810 3
0.36 0.04953 0.03087 -
0.40 0,05032 0.03103 .
0.46 0.06002 0.03064 ,
0.80 0.04902 0.02061 ;g
0.66 0.04712 0.02761 ;
0.60 0.04401 0.02533 “
0.68 0.03086 0.02269 ,

- 0.70 0:03493 0.01087
i 0.78 0.02018 0.01691 ;
¥ 0.80 0.02338 0.01398 !
~ 1.00 0.0 0.0 g

8
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d
i
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ORIGINAL PAGE 13
NF PNOR OALITY

Table 1. Wing Coordinates (Continued)

WBL 610 C,, = 892.44 om (351.35 in)

Xy Y upren Y Lower
Cw Cw. Cu..
0,00 -0.00128 0.00128
0.01 0.00028 0.00678
0,02 0.01429 0.00894
1 0.03 0.01796 0.00797
0.08 0.02331 0.00988
0.10 0.03210 0.01388
0.18 0.03828 0.01742
0.2 0.04289 0.02083
0.28 0.04622 0.02382
0.3 0.04870 0.02624
038 0.05060 0.02820
0.40 0.06180 0.02909
0.46 0.06208 0.02912
0.60 0.08164 0.02840
0.66 0.08023 0.02687
0.60 0.04770 0.02488
.06 0.04429 0.02281
0.70 0.03980 0.01983
0.76 0.03488 001638
0.60 0.02877 0.01265
1.00 0.0 0.0
19
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Table 1. Wing Coordinates (Continued) %

WBL 470 G, = 9620m (374.94 In)
Xw/Cw Yurren/ Sw
0.00 -0,00171
0.10 003190
om 00“2“ !
0.0 004803
0.40 0.08078
0.80 0.04990
0.60 0.04838 '
0.7 0.63669
0.80 0.02628 ‘
1.00 6.0 '
|
1
|
1}
WBL 834 « 619.406m (243.80 in) |
Xw/Cw Yuerer /Cw
1]
0.00 0.0 (
0.10 0.03801 ‘
0.20 0.04797 f
030 0.08289 5
0.40 0.06851 S0
0.80 0.08418 :
0.60 0.04837 5
0.70 0.04128 |
0.80 0.03003 !
1,00 0.0 {
1
{
FAIRING
‘ = AL 3 o 3
: -0.087 -0.016 &
: 0,028 0.008 a
| __0gd7 _ogif ]
Y d]
4
20
r?‘ .
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ORIGINAL PAGE 3
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Table 1. Wing Coordinates (Continued)

WBL 608 C,, = 640L.29 cm (262,08 in)
o Xw Yuppen. Yiowen
' Cw Cw Cw.
a - 000 | %0 0.0 .
; r 0:01 0.01135 | 0.00464 L !

0.02 - 0:01674 0:00536 I
0.03 0.02142 0.00589 o
0.08 0.02701 0.00722 o
0.10 0.03708 0.01043 ’
0.18 0.04206 0.01377 /
0.20 0.04717 0.01708 !
0.26 0.06014 0.02011 |
0.30 0.05228 0.02269

i 0.35 0.06371 0.02440 .

0.40 0.06458 0.02611 |

-~ 0.45 0.05470 0.02491 b

= 0.50 0.08387 0.02400 : , (
0.66 0.08201 0.02249 ?

: 0.60 0.04919 0.02023 : !

o 0.65 0.04854 0.01817 o

. 0.70 0.04114 0.01868 Do

) 0.76 0.03608 0.01297 Do

: 0.60 0.03003 0.01037

1.00 0.0 0.0 o

<! “

, i
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Table 1. Wing Coordinates (Concluded)

WBL870 C,, = 696.93 om.(236.01 in)

Hw Yueren Yuower
cw cw cw

i

0.00. 1 -0,00140 0.00140 :
0.01 : 0.01034 . 0.00617 _ B
0.02 0.01691 0.00880
0.03 0.02008 0.00763
[ 0.06 002723 0.00881
' 0.10 0.03688 0.01204 » \
| 0.16 0.04208 0.01628 ,
: 0.20 0.04716 0.01842 1
N 0.26 0.06017 0.02128 j
| 0.30 0.06234 0.02366

0.38 0.06383 0.02611 ‘
0.40 0.08476 0.02657 .
048 0.05498 0.02619 Co
0.50 0.08417 0.02404 P
0.88 0.08238 0.02238 ;
0.60 0.04988 0.02028
0.65 0.04608 0.01774 ;
0.70 . 0.04183 0.01490 :
0.76 0.03688 0.01226
0.80 0.03063 . 0.00963
1.00 - 000140 . -0.00140

§
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ORIGINAL PAQE 1]
OF POOR QUALITY

Table 2. Engine 3 Pylon Caordinates

NAC B¢ 0.0

| NACWL 186 ;= 798.43cm (289.84 in)

b

Xy 22 !

b Cg [+
00 00
0.0163 0.01160
0.0336 0.01686
0.0808 0.01889
0.0681 0.02110
0.1199 0.02648
0.2083 0.03046
0.3009 0.03447
0,362 0.03668
0:4826 0.03768

1 0.6344 0.03788
0.6689 0.03782
0.6726 003271
0.7689 0.02601
0.8870 0.01140
1.0 0.0

-y

| NACWL 180  C,= 722.91¢m (284.61 in)

Xy 2z
Cs Cs
0.0 0.0
0.0168 0.01611
0.0330 0.02161
0.06086 0.02682
0.0887 003380
0.1033 003672
0.1209 0.03028
0.1660 0.04343
0.2087 0.04778
0.2614 0.06038
0:2666 0.06108
1 0.3403 0.06118
! 0.4722 0.030386
* 0.5074 0.04887
0.8479 0.03738
0.7888 0.02248
10 0.0

26

12570924173

e ——— g e — e




94192 6OLSTL

ORIGINAL PAGT {3
OF POOR QUALITY

()] 6660 00 ol
¥EY000 2:960 HEL0D 86880
+0ZZ00 3180 £31200 95180
£8L¥0°0 Zoego £96£00 szZLo
656500 ¥885°0 519500 42890
0900 LBLE0 08800 80£9°0
286500 88tE0 08800 98150
118500 ¥5.20 196500 €S20
1ZIYOO 0LLL0 Y0L50D 0SEED
£15%00 1851°0 YLTEDD Huwo
660800 +801°0 6ELZ00 68210
£06E0°0 S/80°0 892200 ZELOO
108070 99900 vedzo0 S1500
SISE00 8500 S12100 1SE00
JES190 00 00 00

DQ : 2 “ﬂ u“
: - 4
z- $x Z¥ X
(= 55652) U3y ROY =% 08L M IVN (Ui 1°692) WYL I8 WwO 951 TM IOVN
$x
: (aaino) 2 +
0018 avn lﬁ\\

fomnz-y ~

sageuIp100) UojAd p aubul € d/qel

217




water line (NAC WL) planes, which are perpendicular to the NAC BL 0.0 plane and pitched
up to 2 deg relative to the WRP,

The proper orlentation of each NAC WL plane contalning the coordinates in tables 2 and 3
I8 achieved by first locating the reference NAC WL T plane (fig. 9) which passes through
the wing leading edge at WBL 470/834, The leading-edge polnt may be located relative to
the WRP by using coordinates given In table 1. This reference NACT WL corresponds to
NAC WL 192.86 for the inboard engine and NAC WL 189.00 for thé outboard engine.
Coordinates defining- the pylon cross-sectionat profile are given for both engine pylons. at
NAC WL 155 and NAC WL 180, These NAC WLs can be located from the reference NAC
WL for each engine (tig. 9).

Each nacelle coordinate system .Is an isolated coordinate system. To provide for the
proper position of each engine NAC WL relative to the other, the referenceé NAC WL
plane must be positioned to account for the difference in elevation between the inboard
and outboard engine installations due to WRP dihedral.

The fore and aft positions cf NAC WL 155 and 180 profiles on each pylon are found by
locating a reference nacelle station (NAC STA) passing through the wing leading-edge
point at WBL 470 (inboard) or WBL 834 (outboard). Lines representing NAC STA are
perpendicular to the intersection of a NAC WL plane and NAC BL 0.0 plane; distances
between NAC STA are measured parallel to the intersection. At point T, the NAC STA
refetence for the inboard pylon is 216.12; for the outboard pyloh, 206.10 (fig. 9).

The outboard pylon pressure port row at NAC WL 180 has an unsymmetric profile (table

3): The contour of the fairing at WBL 834 shifts the pylon leading edge to the inboard side
of NAC BL 0.5,

The inlet, fan cowl, and core cowl surface geometries are the same on both engines. Each
engine centerline Is colncldent with NAC WL 100, The core cowl is a body of revolution
between 30 and 330 d=g (table 4).- This cowl is defined by radii teasured from NAC WL
100 at points between NAC STA 152 and NAC STA 270.526. The inlet and fan cowl
ptofiles are given along constant inlet angles measured about the inlet centerling, which
lles in the NAC BL 0.0 plane; pitched down (dfooped) 4 deg relative to the engine
centerling at NAC STA 97.23 (fig. 9). The fan infet cross-sectional profile coordinates
(table 5) are measured along and perperdiculat to the inlet axis for five circurhiferential

28
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Table 4. Engines 3 and 4 Core Cow! Coordinates
NAC NAC
STA STA
182 L 2706268
- K -
\
| - xg 3309
_F- - /_\ ¢ )
ENGINE ¢ (NACWL 100} —
‘ext
‘F - "\__‘-u-l/
—_ SIDE VIEW REAR VIEW
Xk = 0 at NAC STA 162, Lk = 301.07 cm (11853 in)
Xk [ 4 X ¢
Au Ex%u %k Ex%u
0.0 0.2867 0.6834 0.2602
0.0338 0.2888 0.6918 0.2592
0.1519 0.2829 0.7003 0.2682
0.2382 0.2811 0.7428 0.2628
0.2963 0.279% 0.7762 0.2481
0.3797 0.2782 0.8100 0.242%
0.4472 0.2764 0.8363 0.2388
04978 0.2748 0.8890 02329
0.5316 0.2708 0.6028 0.2247
0.5663 0.2686 0.9188 0.223
0.6822 0.2697 0.9634 0.2158
0.6243 0.2696 0.9966 0.2080
0.8497 0.2638 1.00680 0.2070
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SYMMETRY
¢

" INLET
37a

Table 8, Engines 3 and 4 Inlet Coordinates

ORIGINAL PAGE 15
OF POOR QUALITY

|

Il
| |
} INLET G f
——t-¢ |
INLET Naive ¢
¢ ’ ,
' .‘\
| ! ;
T !
INLET HILITE X, X; =04t INLET HILITE 3‘7
H
FRONT VIEW Ry, = 117.880m (46.40 in) ‘
8;= 30 8;=60
x gt R X R Riny o

Y R / Ry '%h %‘h gx%u / R :
0.2661 0.8087 1.2874 10000 )
0.1853 0.6991 1.1222 10072 o
0.1198 0.0094 0.7813 0.9546 N
0.0778 09217 0.8663 0.9168 L
0.0302 0.9481 0.4019 0.8908 o
0.0037 0.9788 0.2661 0.8957 |
0.0 1.0000 10000 0.1198 0.9084 .
0.0060 10158 0.0302 0.8481 |
0.0248 1.0303 00 10000 1.0000 |
0.0647 10483 0.0847 10493 |
0.1379 10714 0.137 10714 |
0.2168 10877 0.3448 1.108t !
0.3448 11081 0.4863 11200 |
0.4663 1.1200
3
if g
! 30
' . B s e - et
= e : = - e Ay =

of




Table 8, Engines 3 and 4 Infet Coordinates (Concluded)

1.1822
11222
0.7813
0.8663
0.4018
0.2651
0.1106
0.0302
0.0

0.0647
0.1379
0.3448
0.4683

1.0000
1.0483
1.0714
1.1081
1.1200

1.0044
1.0072

0.8188
0.8908
0.8987
0.9126
0.9618
1.0000

31

8 = 80 8; = 150
Xj Rgxr Ay X Rexr / Rint

R e Rp L/ R Y %

0.2661 0.8987 0.2661 0.8967

0.1863 0.8991 0.1883 0.8004

0.1198 0.9094 0.1186 0.9126

00776 08217 00776 0.9261

0.0302 0.9461 0.0302 0.9618

0.0037 0.9788 0.0037 0.9820

0.0 1.0000 1.0000 00 1.0000 1.0000
0.0060 1.0168 0.0069 10188
0.0248 1.0303 0.0248 1.0303
0.0647 1.0493 0.0647 1.0493
0.1379 10714 0.1378 10714
0.2168 10877 0.2188 10877
0.3448 1.1081 0.3448 1.1061
0.4063 1.1200: 0.4963 1.1200

6; = 180 OR)
T Trer, T oF ot QUAC 1S
'/ Ry / Ry / Ry Liry
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angles measured about the inlet centerline. At these same Inlet angles, thé fan cowl
cross-sectlonal profiles are defined relative to the engine centerline. Coordinates in table |
6 give the angle about the engine centerline for each point with the distance to the ‘
surface theasured along and perpendicular to NAC WL 100,

Pylen-fan cowl, pylon-core cowl, and wing-pylon intersections are defined along axes of
the nacelle coordinate system (tables 7 through 10). These tables include the information
necessary to locate-these intersections. The pylon-core cowl intersection is separated
Into three sections between NAC STA 220 and 270,526 to define a pylon-core cowl falting
surface (table. 10).

The pressure orifice positions on the defined profiles are.given In tables 11 through 16, A
pressure orifice is.found in the profile plane at the Intersection.of the aircraft surface and B!
a line normal to the X direction at the nondimensional position given by X/C or X/L. o

4.1.2 Instrumentation

!

}
The NAIL program was an ambitious undertaking in terms of fumber of measuréments {
obtained. There were 693 pressure measurements, 30 accelerometers, 7 rate gyros, 12 |
blade clearanice measurements, and 20 thermocouples for required test data. Numerous )
thermocouples were used to provide tempeérature information on heat-sensitive instrumen- (
tation. Finally, éxpanded engine performance data were provided by an additional 68 !
measurément channels. The quantity and quality of the data obtained were excellent.

Instrumentation placed on or hear the numbers 3 and 4 engine and pylon was designed to
further the understanding of the tlight.loads (cause) and engine clearance changes (effect)
associated with engine deterioration and to pfovide information on the flight environment
of the engine and wing interface.

e m s e . —— -

4.1.2.1 Flight Loads

Pressure Instrumentation—-Most of the pressure irstrumentation was placed on the inlet of
engine 3 (figs. 10 and 11). 1t was believed that the Inboard engine was subject to higher
angles of attack than the outboard engine because wing bending reduced the incidence of
the outboard nacelle and because the outboard nacelle was less affected by uptlow

induced by theé wing flaps. Therefore, the inboatd nacelle sustained greater loads and was
chosen for a thote detalled survey using 252 pressure taps.
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Table 6. Engines 3 and 4 Fan Cowl Caordinates R OuALITY
oo
0y
\
8,
Ry
ENGINE ¢ INLET G
ENGINE ¢
INLET € ,‘
!
i
FORE OF NACSTA 97.23 n.?c m sl%sr :
|
61.88 23.03

X = 0 st NAC 8TA 61.86 |
L¢ = 228.98¢m (90.14 in) ’:
e i = 30 (] i = 60 ‘ i
R 3
) = Ry 8¢ X f o
f LT o LT Lt |
31.366 0.0 0.6640 62.262 0.0147 0.5841 o
30.928 0.1128 0.6663 61.834 0.1128 0.6727 ;
30.668 0.2t23 0.6732 60.020 0.2123 0.6781 ;
29.976 0.3821 0.677t 60.001 0.3821 0.6802 .

29.261 0.6851 0.6678 68.843 1.0000 0.5148
28.483 0.7892 0.6447 i
28.168 0.8669 0.6368 !
27879 1.0000 0.5148 s

pusteig g apr
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Table 6, Engines 3 and 4 Fan Cowl Coordinates (Concluded)

6 ;=90 0= 160
Xy R Xy Ry
6 e —

! Ty o ! Ly G
92.483 0.0349 0.6771 161.141 0.0697 0.6073
81.920 0.1128 0.6818 160.997 0.1128 0.6974
91.234 0.2123 0.5848 160.666 0.2¢23 0.5987
90.071 0.3821 0.6835 160.096 0.3821 0.6865
88.842 0.5851 0.6688 149,383 0.6851 0.5687
87.080 0.7892 0.6446 148,603 0.789% 0.5448
868.449 0.8866 0.6368 , 148,289 0.8669 0.6358
85.268 1.0000 0.6148 147.700 1.0000 0.5148

] i® 180

R
84 TXf ._tf_

189.000 09771 0.6001
180.000 0.1126 0.6000
180.000 0.2123 0.6878
180,000 0.3821 0.8887
180.000 .1.0000 0.6148

34
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Table 7. Engines 3 and 4 Pylon-Fan Cowl Intersection

M
} |
1”:0&‘“ I ‘ .
(60,80 in) }

' ENGINE ¢ NACWL 100 :

ue (v} ‘
— outso (2 5
’ —1 AFT (X) i
o 20842 —> 80 o
(8048) 1. INBD (-2) !
TA j
62 .
!
)
C,py = 206.080 cm (81.134 in) X.Y=0@m 2=0@NACBLO ;
X/Cpy Y/Cm +2/Cypy
!
0.0 00 0.0 {

0.1681 0.00801 0.0620
0.2894 0.00900 0.0779 !
0.4127 0.00879 0.0886 I
0.5389 -0.00345 0.0058 R
0.6715 -0.02305 0.1019 P
0.8437 -0.04068 0.107 L
0.8919 -0.0847 0.1080 P
b
. 5 ‘
8
{
L g -
35
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Table 8, Engine 3 Wing-Pylon Intersection

: ; STA
i 182
e 179,26cm
(70.87 in) ..
.‘i
| / 230.43cm
1 (80.72 in)
| >' ENGINEG A wi. 100 |
. uP (Y) “
% i OUTBD.(+2)
““,jf- R
L _ )
— APT (X)
C,= 74.407¢m (29.204 in) XY=0@N 2=0@ NACBLO
n NA INBD (-2) \
'
OUTBOARD INBOARD )
X/Cq Y/Cp 2/Cq X/Cq Y/ 2/Cp |
0.0000 -0.0761 0.0000 0.0000 -0.0761 0.0000 | P
0.0075 -0.0297 0.0051 0.0109 -0.1375 -0.0089 ]
0.0553 0.0703 0.0433 0.0836 -0.2048 -0.0206 o
0.1167 0.1369 0.0167 0.1403 -0.2761 -0.0348 \
0.2185 0.2123 0.0181 0.2623 -0.3488 -0.0508
0.3304 0.2762 0.0171 0.4609 04120 -0.0680
0.4869 0.3461 0.0133 0.8462 -0.4743 -0.0016
0.6623 0.4117 0.0068 1.7044 -0.6318 -0.1260
1.0077 04813 -0.0038 3.6137 -0.6170 -0.1626 '
1.817 0:5466 -0.0324 4.2818 -0.4803 -0.1417 |
4.5412 04772 00022 | 6.2633 -0.4100 -0.1048 ,
6.3204 0.4120 -0.0802 6.0623 -0.3441 -0.0608 |
6.1800 0.3400 -0.0485 - 8.9789 -0.2768 0.0048 !
6.9789 0.2748 0.0024 80122 -0.2038 0.0884 !
8.0122 0.2014 0.0830 8.8316 -0.1379 0.1763 ;
8.9318 0.1389 0.1648 9.6672 -0.0880 0.2311 !
. 8.8672 0.0679 0.2284 16000 0.6000 0.2748 '
; 10.0000 0.0000 0.2748
8
| g
F 36

PO Y oo e At g




NAcTab/e 9. Engina 4 Wing-Pylon Intersection ‘

7 gRlGINAL PAGE IS |

' L 146.280m F POOR QUAuTv
(57 69 in)

223.04¢m
(87.81 in)

ENGINEG __ nacwi 100
_ outTen (+2)

UP (Y) ]
- AFT (X) o
SN
Cy= 62.368¢m (24683 in} X\Y=0@L  2=0@NACBLO INBD (-2} |
CUTBOARD. INBOARD ¢
i
X/Cy Y/Cy 2/C, X/C;, Y/Cy Z2/Cy |
sl
0.0000 -0.0411 0.0000 0.0000 -0.0411 0.0000 i
0.0049 0.0000 0.0024 0.0083 -0.0819 -0.0029
0.0468 0.0888 0.00656 0.0625 -0.1837 -0.0090 j
0.1275 0.1654 0.0086 0.1692 -0.2484 -0.0171 Q
0.2366 0.2342 0.0094 0.3063 -0.3234 -0.0261
0.4411 0.3276 0.008t 0.5441 -0.4085 -0.0383 !
0.6920 0.4114 0.0049 0.8590 -0.4863 -0.0521 ‘
1.0048 0.4891 -0.0004 1.4098 -0.5608 -0.0729 ‘
1.5318 0.6747 -0.0118 2.8093 -0.6256 -0.0049 o
2.5910 0.8337 -0,0391 3.8724 -0.6736 -0.0844 <
3.5804 0.5967 -0.0646 49143 -0.4863 -0.0069 ;
40138 0.6663 -0.0809 6.6588 0.4134 0.0462 b
4.8897 0.4883 -0.0218 6.6613 -0.3268 0.1197 f‘
5.6688 0.407/ 0020 7.6038 -0.2391 0.1989 i
6.4273 0.3340 0.0863 8.2727 -0.1686 0.2608 [
7.3408 0.2484 0.1682 9.1952 <0.0823 0.3364 .
8.2727 0.1637 0.2601 9.9943 -0.0083 0.4032 f
9.1982 0.0786 0.3318 f
10.0000 0.0045 0.4036
8
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Table 10. Pylon-Core Cowl Intersection (To Be Submitted in Final Report)
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Table 10, Pylon-Core Cowl Intersection
FORWARD AFT
SECTION  SECTION
v o UPPER  °
- 154,59 MIODLE
n 64.80 LOWER
: ENGINE ¢ “L (64.80) y NACWL 160
’ - '
| - s |
f : k y
i | K
~ Cin -1 OUTEOARD :
NAG NAC +2) )
STA STA AET }
182 270.528 x !
INBOARD (-2} |
Crm=301.058cm (118.5261n) X,Y=0atM  Z«0atNACBLO ,
;
{
- !
FORWARD SECTION . o
j; 0.0000 0.2297 0.0636 , b
N 0.0377 0.2788 0.0618 i}
0.0697 - 0.2780 0.0840 i
il 0.1338 0.2773 0.0643 :
: 0.1878 - 0.2771 - 0.0647 '
0.2296 L 0.2224 0.0849 :
- 0.2538 0.2771 0.0851
0.3578 0.2770 0.0653 |
0.3894 0.2769 0.0853 .
0.4454 0.2764 0.0653
0.4909 0.2754 0.0650
0.5402 0.2738 0.0831
|
384 !
|
{ - Bf
: ‘-"é S - S ST B AN S w*w*w;v:_v*; r,\_ﬁ}f‘)}




&y | %)

Table 10, Pylon-Cora Cowl Intersectlon (Cancluded)

AFT
SECTION
TANGENT TO LOCAL STRUT
UPPER CROSS SECTION
MIDDLE TANGENT TO A 43dog ANGLE DRAWN
L ouER FROM A NAC WL PLANE

TANGENT TO CORE °
COWL SURFACE

NAC WL 100 PLANE

— - A -

ORIGINAL PAGE 19
§ SYMMETRY OF POOR QUALITY

- . TYPICAL CROSS SECTION IN AFT SECTION :
. OF STRUT-CORE COWL INTERSECTION

Cry = 201056 (118,826 1n) X,Y =0atM 2=0at NACHLO

© e et o~ =

AFT SECTION

UPPER MIDDLE LOWER , a
' Xfom | Yl |20 | Ynom | 220 | Yo | 22m/Cm |
05737 | 02778 o082t | 0.2724 | 008390 | 02888 | o0.0709
06189 | 02834 | 0.0804 | 02698 | 00657 | 02618 | 0.0782
06581 | 0.2885 | 0.0582 | 0.2662 00672 | 02581 | 00827
0.7003 | 02088 | 0.0588 | 0.2504 | 0.0883 | 0.2464 [ 0.0849
0.72189 | 02072 | 0.054% | 0.287a 0.0881 | 0.2458 | 0.0881
_ 0.7333 | 0.2080° | 00834 | 0.2850 | 0.0676 | 02432 | o.b85e |
0.2428 | 02988 [00532 | 0.2540 | 0.0872 | o.2418 | 0.0882
- 0.7846 | 0.2039 | 0.0408 | 0.24680 00341 | 02348 | 0.0837
068268 | 0.2887 | 0.0458 | 0.2418 00587 | 02284 | o.0807
0:8680 02788 | 00476 | 0.2349 0.0540 | 0.2218 0.0768
09112 | 062863 | 00354 [ 0.2278 | 0.0473 | 0.2181 | 0.0880
09634 | 02542 | 00306 | 0.2194 | 0.0408 | 02082 | 0.0814
09986 | 0.2410 | o.u247 | 0.2109 0.0337 | 02012 | o0.0528
10000 | 0.2394 | 0.0240 | 0.2088 | 00332 | 0.2013 | 0.0468

:
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Table 14, Engine 3 Inlet Pressure Orifice Locations

00
=ty 0 | I
APACE
IS PLAGGED
wWith ¢ 8. =g0°
. &> |-
ENGINE ¢, < HILITE e GNGINE ¢
m.— - ewn -—————-c “

— z .
INCEY ¢ . .
x .
|
 — ”
INLET HILITE-FRONT VIEW el '
€ g0 = € 270 = 279.32 ¢m. 1109.97 in.) ¥
C 1806 ayg ~212.21 am{107.47 in) X/ TOLERANCE £0.003 ;
}
Gi-30° §;~90° 6 = 160° 8; = 210° | 0;=270° 1= 330° :
XT ¢ X c Xl ¢ Xi¢ Xic X/¢ !
0.078* 0.077° 0.080° 0.080° 0.081° 0.079° P .
0.051* 0.053* 0.050°* 0.050* 0.065* 0.051° !
0.034* 0.033* 0.034* 0.034* 0.037* 0.034°* :
0.014* 0.014* 0.014* 0.014* 0.014* 0.014* X
0.002* 0.002* 0.002* 0.002* 0.002* 0.002* :
0.000 0.000 0.000 0.000 0.000 0.000 ,
0.004 0.004 - 0,008 0.0086 0.004 0.004 .,
0.010 0011 [ 0012 0012 0.0t1 0.010 .
0.028 0.028 0.030 0030 0028 0.026 ;
0.068 0.081 0.063 0.062 . 0.062 0.056 j
0.086 0.001 0.008 0.008 0:080 0.088 3
0.122 0.128 0.146 0.146 0.128 0.122 ~
0.168 0.174 0.183 0.18¢ 8172 0.178 l
0.212 0.227 0.227 0.224 0.218 0.214 !
0.281 0.277 0.277 | 0278 0.267 0.262 '
0.338 0.348 0.348 0.343 0.339 0.337 .
0.487 0.483 0.458 0.488 0.483 0.454 ;

0.672 0.87¢ 0.671 0.569 0,687 0.670

o&“s 0.“7 otm o‘m otm o.“s

0.718 0718 0.710 - o0.708 0.711 0.718

0.824 0.824 0.813 0.810 0.816 0.827

0.994 0.997 0.904 0.091 0.990 0.994

8
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Table 18, Engine 4 Inlet Pressure Orifice Locations
0'

L=vv==l- INBD

L INNER §URFaCE
POINTS FLAGGED
WITH *

<+ HILITE -*

ENGINE §
INLET ¢
c 130
INLET HILITE-FRONT VIEW
X=0@MILITE
C 60 = C 300 = 283.44 cm (111,50 in)
€ 180 = 271.11 om (10674 in) X/c TOLERANCE +0.003
M
©.=60° | ©,=180° | §;=306°
0.441° 0.426° 0.424*
0.322* 0.318* 0.322*
0.232* 0.244* 0.228*
0.167* 0.178* 0.164*
0.104* 0.107* 0.101*
0.060* 0.052* 0.048*
0.021°* 0.021* 0.021*
0.000 0.000 0.000
0.026 0.064 0.027
0.060 0.098 0.067
0.125 0.138 0.126
0.170 0.178 0.171
0.263 0.272 0.264
0.327 0.348 0.330
0.432 0.468 0.434
43
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: £ ! 262 Ports

V o v O Extarior (8) /

: ‘ d O _ xtarior
: Intetior (10) \ Lip (12)
: ® Clockwise from front

. o Lip: Every 30 deg
] ®Exterior: 30, 80, 160, 210, 270,
: any 33U deg-

; ®interior:  0; 60; 120, 180, 240,

and 300 deg
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Figure 11. Inboard Inket Préssure Taps
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The greatest deviations from amblent pressure and most rapid variations of pressure with
distance occur near the inlet lip. Contribution of the lip area to the overall force and
moment Is very large. Because of this contribution, 144 taps in 12 rows, 30 deg apart,
were located in the lip area. Aft of the lip, 60-deg circumferential spacing of the rows
provided adequate definition.

Each .pressure tap was connected to an Endevco pressure transducer (fig. 12) by
approximately 8 £t of 0.061-in inside diameter copper tubing to ensuce that lag effects
were equalized.. The transducers were mounted in temperature controlled boxes In groups
of 22 (figs. 13 and 14). Each transducer measured ditferential pressure between the tap
and a reference pressure.

Fuether pressute measurements were obtained on the fan cowl doors of engine 3 (fig. 15).
The arrangement was two rows of pressure taps, one on each side of both cow! doors, 30
deg from the top. Each:pressure tap was connected to its indlvidual transduceér by copper
tubing except at the hinges of the fan cowl doors, where a small sectiont of copper tubing

was replaced by a piece of flexible clear polymer. This flexible section enabled the doors
to function throughout the test program.

The pressure instrumentation on engine 4 was desighed to substantiate a finding of the
feasibility study (ref. 1), which suggested that engine deteriotation was ihdependent of
position. Therefore, engine & inlet was instrumented with three rows of L5 pressure taps
each spaced 120 deg apatt (fig. 16) for a total of 45 measurements. These measurements
were sufficient to indicate relative load levels between inboard and outboard inlets.

Inertial Loads Instrumentation—Instrumentation for Inertial loads consisted of accelero-
meters and rate gyros located on the engine and pylon (fig. 17) and the aircraft center of
gravity., Linear acceferations were measured by Q-FLEX accelerometers (tig, 18). These
instruments were used on both test engines and at thieir fore and aft wing and pylon

intérface. For angular accelerations two axes of & three-axis Northrop rate gyto mounted
on the two test engines (figs. 19 and 20) were used.

Location of accelerometers and rate gyros is referenced by clock position, looking att.
Accelerometers weré placed on the engines so that lateral accelerations were measured In
the lateral direction at NAC STA 46 at 3 o'clock ahd at NAC STA 100 at 6 o'clock.
Vertical accelerations were ritedsured at NAC STA 46 at 6 o'clock, NAC STA 100 at
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Figure 12, Pressure Transducer

13. Pressure Transducer

Installation
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Accelerometers

@ inboatd and outboard engines

~ N\

~

~~
~~

Six near S

strut atfach o \\ N
points );_;—
‘_7-——"—K\

- -

45 Ports

s

~———
T

A

o g

@ Clockwise from front
@18 each at 60, 180, and 300 deg

Figure 16. Outboard Engine Pressure Taps

Pitch and yaw rate gyros near fan face

Four near “<_ two neat \
fan face inlet tip

Figure 17. Inertial Data Sensors
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Figurs 19, Rate Gyro
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the lateral direction at NAC STA 46 at 3o'clock and at NAC STA 100 at & o'clack,
Vertical accelerations were measured at NAC STA 46 at 6 o'clock, NAC STA 100 at
3 o'clock, and MAC STA 100 at 9 o'clack, and longitudinal acceleration was at NAC STA
100 at 6 o'clock. Rate gyros werc placed at NAC STA 100 at 3 o'clock and were used to
measure pitch and yaw rote. A total of six accelerometers and one rate gyto par enging

peemitted calculation of the translational and angular accelerations at the chglne center
of gravity.

Accelerations were also. measured-at-the pylon/wing Inteetaces, The lateral accelerations
were medsured at the wing front spae and the rear thrust link attach point (fig. 21). The
vertical accelérations were measured inboard and-outboard-of the front $par attach point
and on the rear theust link attach point. In the longitudinal direction, accelerations were
measuted only at the front spar. Bach interface had a totat of six linear accelerometers.

Basic airplane information was also recorded, Including pitch, yaw, and roll angles, along

with side-slip and angle of attack., Angular accelerations about all three axes were
measured at the aircraft center of gravity.

Clearance Measurenient System—Engine clearance change measuremefts were made by
P&WA simultaneously with flight load application. Measurements were made on the fan
and first-stage high-pressure turbine on the inboard engine and the fan stage of the
outboard engine by a laser proximity system for each stage. Each.clearance monitoring
system.consisted of: (1) the laser assembly (four lasers per box), (2) the input fiber optic

assembly, (3) video carnera assembly, (4) laser probe assembly (four probes per stage), (5)
video monitor; and (6) video tape recorder (flg. 22)

In accordance with the interface agreement between the two companies, P&WA provided
all clearance monitoring system components and made the necessary engine preparations.
Operation and maintenance of the system during testing were also the responsibility of

P&WA. P&WA provided to BCAC the equipment necessary for Instatlation in the airplane
during the layup period ptior to testing.

Laser assemblies were Instzuled in a rack inside the alrplane cabin (tig. 23). Four laser
asserfiblies of four laser generators per box were Installed in the rack, which provided one
spare box to facilitate changeover in flight should a laser generator malfunction,
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Video cameras were installed in the "dog huuse" (fig. 24) for the fans on the Inboard and
outbdard engines and in the "kneccap" (fig. 25) of the wing and pylon Intersection for the
turbine of the inboard engine. The input fiber optic leads were divided in the camera box
Installation into four séparate leads and routed to each laser probe assembly. A fan laser
probe assembly Is shown In figure 26 and a tutbine laser probe assembly is shown in figures
27 and 28, The fan and turbine probe radlal locations, which are essentlally 90 deg apart,
are shown In figure 29,

Reflected light- from. the engine blades was transmitted back through the probe and-
through the cohierent output fiber optic to the video camera. At the video camera the
reflected light was converted to a video signhal and transmitted theough a cable to-the
airplane cabin, In the cabin, clearance values were read on the vides monitors (fig. 30)
and wete recorded on a video. tape recorder (fig. 31).

In addition to the aforementioned components to the laser system, a gaseous nitrogen.
gystemm was required to cool and purge the high-pressure turbine laser probes. BCAC

provided the system, which was located in the forward cargo hold (fig. 32). Components

of the gaseous nitrogen system included storage racks for 56 nitrogen bottles, the nitrogen

bottles, the high-pressure manifolds and regulators, control valves, pressute sensors, probe

temperature sensors and readout, tubing, and the flow-controlling orifice that is built into

the hizh-ptessure turbine probes. The system was configured to provide nitrogen for

approxirnately 13 hours of opetation without resupply.

Expanded Engine Performance—Expanded engine performance data (fig. 33) were required—
for the P&WA effort to correlate measuted engine alearance changes or closures with
performance losses. Primary emphasis was on engine 3, which had complete instrumenta-
tion (fig. 33). Minimum insteumentation to define engine speed and engine airtlow and
power level was provided for engine 4. Insteumentation for engine 3 was typical of that
used for a performance engine test program and was compatible with that used.during the
pre- and.postprogram base engine calibrations at the B&WA Middletown test facility. To
better correlate data, the Boeing-owhed flight high- and low-rotor speed tachemetess (N2
ahd N1, respectively) and the fuel flow meter were calibrated by P&WA and were used
duting the pre- aiid postcalibiration at P&WA. The tachometers and flow meter were usad
on this engine throughout the entire NAIL progeam.
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Figure 26, Fan Laser Prob
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Figure 28. Turbine Laser Probe Installed
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FAN

5 (— Probe iocations
30°

7 X

120°

\
6
Reverser ball screws —/o

Rear view—looking forward

Probe locations 1 1

\

Engine mount frame

Circumnferential tubing
rerouted

4

Pretooler

+

No. 3 br'éather line

Eighth blaed pige

/
2
Starter bleed —/

Hedt shield |

Tubés

Figure 29. Laser Proximity Probe Locations

g
:

- e ——m————— s v oo




ORIGINAC PAGE T
BLACK AND WHITE PHOTOGRAPH

s !

P N LR
i v " Y

. R M

D




ORIGINAT PATE
BLACK AND WHITE PHOTOGRAPH |

e ;. a ,'v
- GO TRRAY) Pity,
Wiy S (R %

a8

125209-26

‘ Figure 32. Nitrogen System
j
l
N2 High-pressure (H.P.) rotor speed !
N1 Low-prassure (L.P.) rotor speed .
T7 L.P. turbine disthatge total temnpetature , o
T14.5 H.P. compressor discharge total.temperatute ' i
TT3 L.P. comprassor discharge total temparature.
1t8 H.P. turbine discharge totat wmperature ‘
RT2. L.P. turbine discharge total prassute t
PT3 L.P. compressor discharge total pressure |
PT2.86 Pan stream.total pressurs at exit.guide vane ,
PS3 L.P. comprassor dischurge static pressuce f
PS4 H.P, cortipressor.discharge statis pressurs '
HEC IGV POS H.P. compressot inlet guide vane position
PWR LVR ANG Power lever angle
Surge bleed valve POS
Pylon valve POS Pylon airbleed shut-off vaive position
Air control valve, HPC Pressure regulator
Wi Fuel flow rate (computed)
Elapsed fusl Total fusl burned

Figure 33. Expanded Engine Pérformance
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#.1.2.2 Installed Propulsion System Aerodynamics !

Instrumentation—Selection of the pressure measurement systemn used for this program was

gulded by the need to obtain pressure measurements on thé wing, pylon, and core cowl

only during quasi-steady-state alrplane operating conditions. Accordingly, In these areas,

A a 24-port scanivalve pressure sampling system, which-samples 12 ports per second, was
- l compatible with the normal time frame for—smaintaining quasl-steady-state alrplane
| operating conditions. The option-of-using Indlvidual transducers for each measurement, as
on-tae inlet-and-fan cowl, thereby allowing a simultaneous sampling of each.pressure, was |

. not. overlooked. Not_enough transducers could be purchased feosn appropriaté manu- . :
i facturers In the time frame available to complete the test_program. /

A Gould Statham Model BM 131TC (+17.2 kPa{+2.5 1b/in%a}) differential-pressure trans-
ducer was used in all scanivalve modules. Specifications for the transducer were as
follows: combined nonlinearity and hysteresis of leéss than +0.73% full scale, thermal !
sensitivity shift less than 0.019%/°F from -65°F to +250°F (-549C to +121°C), and thermal |
zero shift less than 0.01% full scale/F from -65°F to +250°F (-54°C to +121°C). The
natural frequency of the transducer diaphragm was 3500 Hz. The transducer output : :

.: resuiting from an acceleration stimulus applied perpendicular to the plane of the (‘
T dlaphragm was 0.2% of full scale per g for vibration frequencies to approximately 20% of Loy
o the diaphragem natutal frequency. Above the natural frequency, the response incréased in ,
accordance with the behavior of an undamped single-degree-of-freedom systetn, Lo

{

Each scanivalve transducer housing was fitted with a thermostatically controtled heater i
jacket, which maintained a 10°C (50°F) opetating environment for.the transducer given !
amblent temperatures below 10°C (50°F). The heater system, however, did not maintain |
a 10°C (50°F) environment if the amblent temperatures were above 10°C (50°F). This |
condition seemed likely to occur only In the scanivalve assemblies mounted in the engine
pylon where engine bleed alr ducts transfer heat into the pylon.bays. To monitor the

temperature at each scahlvalve location, a thermocouple was installed on each scanivalve |
asserhbly. ‘

Hlep
. *3

The impact of airplane- or engine-ifiduced vibration on the Installed préssute transducets |
was assessed during the ferry flight to the remote test site. It was assumed that the | 1
highest vibration lévels would be encountered in scanivalve installation in the engine -
pylon. Plezoelecttic atcelerometers were bonded onto the lristatled scanivdlve asseitibly
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and g-levels were measured in a direction perpendicular to the plane of the transducer
diaphragm during cruise conditions appreximating the required test conditions. The
highest measured acceleration level was approximately 0.9g rms at 230 Hz that would
praduce an output of 0.18% of full scale, based on the transducer acceleration sensitivity.

Other sources of measurement error Involved signal galn, analog-to-digital conversion
stabllity, and sampling speed. Testing transducers showed nonlinearity and hysteresis to
be 10.82% at worst and.20.30% on an average. Based on pre- and postflight system
callbrations and monltored in-flight operating conditions, the analog-to-digital conversion
error wus +2%.. Scanlvalve samipling spged was found to be signiticant only in shock areas.
A 6.9 kPa (1 lb/ln ) pressute drop between the first 12 ports and. the last. 12 ports
introduced a +1% error. The accuracy of measured pressures was estimated to be +3% in
low-pressure gradient areas and +4% in shock areas.

Static pressure orifices were installed on the pylon and core cow! of inboard and outboard
engines 3 and & and on the wing in the vicinity of both engines. Three rows of surface-
static pressures on the uppeér surface of the wing and two rows on the lower surface were
installed near both engines, (igs: 5 and €). Two rows of surface static pressures on each
side of the engine pylon were installed on engines 3 and 4 (fig. 6). Finally, two rows of

surface static pressures were Installed on each side of the engine core cow! of engines 3
and 4 (tig. 6).

Surface-static pressure orifices were installed flusk to the local wing, pylon, and core
cowl surface except for the wing-pressure orifices, which were located over or aft of the
wing fuel tanks. In these areas, pressure befts were bonded to the wing surface and faired
into the surface (fig. 34). The location of the transition from flush orifices to pressure
belt orifices Is documented for each wing pressure measurement row (see table 1)

To improve the accuracy of actually locating a position of the pressure orifice on the
wing, pylon, or core cowl, computer-generated surtace-profile templates rmatked with the
desired orifice location .were used In regions experiencing large changes in surface
curvature. The actual location of installed pressure orifices deviated in some casés from
the desired location because of interference with, for example, structural membets and
anti-icing ducts. Actual locations wete checked again after installation. Orifice positlons
tabulated in tables 11 to 16 represent the actual installed pressure orifice position plus or
minus the tolerance Indicated with each group of coordinates.
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Oritice positions o the engine 3 fan inlet and cowl did not deviate from the angular
position of the profile. Engine 4 fan Inlet and cowl orifices deviated from the angular
position of the profiles a maximum of +2 deg. The other significant deviation occurred on
both engines 3 and 4 NAC WL 155 and 180 pressure orifice rows. The NAC WL values
were within +1.78 cm (0.7 in).

Additional clarification of locations for those pressure orifices located in the upper and
lower surface wing pressure belts Is necessary. For belt-located pressure orifices, one
pressure otifi.e was allocated to one belt tube, Because the belt tubes were arranged

laterally to provide a low protile, the orifice locations gradually deviated laterally due to.

tube width, resulting In increasing orifice distance from the start of the pressure belt.
Table 17 p:esents the manner and amount of deviation for each pressure belt orifice at a
given WBL.

4.1.3 Test Conditions and Procedures
§.1.3.1 Flight Loads

Testing for perfortnance degradation was accomplished in several well defined stages.
Such testing was necessary to measure engine clearance changes resulting from varlous
flight maneuvers. Once the installation and fabrication on the test bed aircraft was
completed, an engine ground calibration was perforteéd ptlor to the functional check
flight. This calibration enabled comparison with the test stand calibrations by P&WA and
ptovided a data base line for the flight test program.

It was suspected that the first.1% loss in performance due to engite clearance changes
occurred during the production flight test acceptance profile (fig. 35). Therefore, this
profile was chosen as the basis of the first test flight and was followad by a second ground
calibration. Subsequent flights contained high-g turns and variations In takeoff gross
weight. Under the test plan, each series of tests required a ground. calibration after the
particular scries. Using these calibrations, performance deterioration was determined.for
each serles of tests. The final ground calibration was performed after completing all
flight testing. In all, five ground calibrations were conducted during the NAIL tlight test
program.
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Table 17, Lateral Offset of Wing Preasure Belt Prassure Orifices From Wing Buttock Line

) 0UTED ~—F— (B
welL
WBL 448 WBL 610
UPPER SURFACE | LOWER SURFACE | UPRPER SURFACE | LOWER SURFACE
. - kol |
\ cw |3
Xw/Cw | 0.J58C0m | Xw l ‘i%,,g
0:2000 [ 0 0¢ 1-950 o " h ,
4 0.2260 -3 0.2463 -3 {2 2280 -3 . 0.2472 -3
© 10,2800 -8 0.2083 -6 0.2600 -6 0.2072 -6
0.2760 -8 0.3453 -9 0.2760- -8 03472 | -8
0.3043 -12 0.3963 -12 0.3000 -12 03872 -12
0.3643 -16 0.4454 -18 0.3500 -18 0.4472 -16
0.4037 -18 0.4054 -18 0.4000 -18 0.4872 3
0.4638 -21 0.5468 3 0.4600 -2t 0.8472 6
0.4780 «24 0.6866 6 0.4760 3 0.6672 ]
0.8060 -27 0.6468 9 0.5000 8 06472 | 12
0.6260 3 0.6260 2 :
0.56664 6 0.6600 12
0.6049 ] 0.6000 1%
0.6661 12 0.6500 18
0.7048 16 0.7000 21
0.7662 18
0.8049 21
= — —
WBL 470
UPPER SURFACE _
0.2000 0
0.3000 ‘3
0.4800 -8
0.6000 3
0.6000 ]
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Table 17, Lataral Offset of Wing Prassure Belt Prossure Orifices
From Wing Buttack Line (Concluded)

67

wBL 808 wal. 870
UPPER SURFACE LOWER SURFACE UPPER SURRACE LOWER.SURFACE
a‘ﬁ‘s"gr' X FESET X g?F%T'T
; Xw/Cw 0.‘15%;'6,1& Xw/Cw gg?@.{t Xw/Cw | gﬁﬁ.f"‘ - Xw/Cw | ‘]? bm |
0.2000 o 0,2000 o ||| oe0s | o | 2043 o |
0.2260 -3 0.2600 3 - 04280 | .3 0.2643 -3
0.2466 -8 0:3000 -8 " 0,2600 -6 0.3043 -8
0.3000 - 0.3500 -9 0.3000 -9 0.3643 -9
0.3500 -12 0.4000 .12 0.3500 -12 0.4043 -2
0.4000 16 0.4600 -15 0.4000 -16 0.4843 -18
0.4500 -18 0.8000 -18 0.4500 -18 0.6043 3
0.6000 -21 0.5600 3 0.4760 21 0.5643 8
0.6260 3 0.6000 8 0.5000 3 0.6043 9
0.5500 8 . 0.8500 g 0.8260 6 0.8643 12
n.8000 9 0.5500 8
o.eggg :g 0.6000 12
0.70! 0.6500 18
0.7600 1
0.7600 1% 0.7000 16
WBL 834
UPPER SURFACE
Xw/CW 21/56"“”!
‘ﬂ

0.2408 0

0.3600 -3

0.4060 -8

0.5000 3

0.6000 8
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The flnal test conditions (table 18) of the NAIL program resulted from compromise and
various flight restrictions. Originally NAIL was to be a standalone flight program.
However, the flight test was conducted concurrently with the 767/3ITID-7R4 test
program, which Imposed certain flight restrictions on RA00{, The most notable
restrictions were to remain within the 767 design crulse speed and Mach number (VC and
Me ) Himits of 360 keas and M = 0.86 untll the completion of alf JTID-7R4 test conditions
and to limit nacelle loads to 809% of the design limit. Upon completion of the JT9D-7R¢
program, the 767 design envelope Vi~ and Mo limits of 420 kcas and M = 0,91 were applied
to the NAIL program.

Several .resteictions were imposed on the NAIL program—not because.of the NAIL flight
test profile but.because of inclement weather (he., rain, snow, hail, fog, high wind, and
wide variations in temperature). ‘Moisture caused problems for the RAQO! in that only
engine 1. had thermal anti-ice protection. Therefore, no flights were conducted into
known or suspected icing conditions. The pressure instrumentation (fig. 36) was riot to be
exposed to visible moisture to ensure that watet did not enter the lines and freeze.

Use of laser probes for detection of engine clearance changes dictated adherence to three
conditions: . that the nitrogen purge and cooling system opérate whenever engine 3 was
used, that nittogen cooling be tequired for the camera environmental housings when
ambient ground conditions dictated, and that the aircraft heading prevent sunlight from
entering the inlet and interfering with laser readings.

Because a functional.check flight and a ferry flight to the remote test site were required
prior to any NAIL data collection effort, it was necessary to restrict the level of.power to
prevent perfortnance losses in the analytically bulltengine 3. Therefore, all flights prior
to the first data flight were limited to an engine pressure ratio (EPR) of 1.18 with no
bleeds during takeoff and-maintained a locked throttle climb to 10 000 £t at which time
noemal operation resumed.

As a result of the concurrent testing programs, data were taken over approximately 33
hours of flight tithe instead of over the initially planned 15-hout maxitum. The Increased
tlight time resulted In a substantially larger quantity of data to sutvey and select from for
analysis and provided -additional conditions for analysis. The result of this concurrent
testing was that additional data were obtalned, yet flight houts charged to the NASA
program were considerably fewer than planned.




Table 18, Test Conditions Flown
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Test condition Test no. Event time Z';?::‘%: ft M
101 812K gross weight takeaff (flaps 20) 2737 6:41:44 2663 0.280
101 B3BK gdross waight takaoff (flaps 10) 273-10 9:44:10 2667 0.239
101 847K gross weight takeoff (fiaps 10) 27311 10:13:82 2634 0.2684
118 780K gross weight simulated takdoff 273-16 8:13:18 3646 0.298
{flaps 10)

102 Low glimb. 27310 9:46:00 6 861 0.367
103 Mid climi 2737 7:28:44 17187 0.698
104  Migh M ¢ruise 2737 7:48:26 36 481 0.869
: 108 Low M eruise 273.7 7:68:40 35612 0.772
106 Max M. 27316 12:00:27 36078 0.80¢e
107 Inflight relighe. 2737 8:12:63 27 889 0.721
108. Maximum q 273-18. 14:39:00 24 613 0.838
109 Stall.wamiing (flaps up) 2737 8:18:68 18 964 0.391
110 Stall watning (flaps 10) 273.7 8:22:26 16 239 0.347
11 Stalt waening (flaps 30) 273.7 8:24:62 17 049. 0.270
112 loiedescent 2737 8:28:56 8450 0.439
13 Approach 273.7 8:34:27 6003 0.265
114 Touch aad go 2737 8:40:38 2661 0.263
16 _ Thrust reverse _2737 8:46:00 2 681 0.179
1 .09 loft turn (flaps up) 273-10 13:33:58 8 397 0.487
117 1.6g heft turn (tlaps 30) 273.10 13:41:07 8202 0.260
120 2.0g right turn (flaps up) 273-16 11:04:03 8240 0476
121 1.6g right turn (flaps 30) 273-18 11:07:28, 8278 0,266
123 Airplane stall 27310 13:26:17 9 000 0.207
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4.1.3.2 Installed Propulsion System Aerodynamics

Four test conditions were flown during the IPSA program. The test conditions included
level flight at M = 0.77, 0.80, and 0.86 and at M = 0.91, a condition that required the
alrplane to be put into a shallow dive. The test conditions flown at M = 0.77, 0.86, and
0.91 satisfied the contract commitment and were .coincident with flight load conditions.
All test conditions were flown at a representative cruise altitude.

Preflight and. postflight calibrations of the pressure measuring system were performed for
eachi.test flight. During a test flight, seven flight condition parameters were monitored
online with-a multichanrel pen recorder. These parameters included flight Mach number,
ambient total temperature, angle of attack, heading, pressure altitude, sidesllp, and
inboatd aileron position. These parameters were used collectively to determine the
stability of the airplane prior to and during the recording of measured pressure data. In
each parameter, the deviations allowed for. approxinately a 30-sec period during which
measured data were recorded; these deviations ates

Mach number +0,001

Ambient total temperature 40.1°C

Angle of attack +0.25 deg
Heading +0.2 deg
Pressure altitude +3.048m (+10 £¢)
Sideslip +0.23 deg
Alleron position +1 deg

All test conditions were flown with the airplane autopilot engaged and in the altitude hold
modé,

Because all measured pressure data were acquired during cruise conditions, no wing
leading- or trailing-edge devices that would alter the basic. wing geometry described in
table 1 were deployed with the exception of the inboard alleron. In ctuise, the inboard
alleron ptovided small-arhourits of roll control and was cortibined with various amounts of
midspan spoiler deployment for larget rolling moment inputs. During data recordings,
some srhall alleron deflections, well below those levels causing limited spoiler deploy-
ment, were tequired to rmaintaln level flight. Accordifigly, this small amount of inboatd
alleron deflection etfectively changed the local wing camber at WBLs 445, 470, and 510,
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For reference, the geametrical arrangement of the inboard alleron at WBLs of 445 and
310 including the wing line location is presented In table 19, The outboard alleron was
loched out during crulse and therefore was an Inactlve control surface at O-deg
deflection,

4.1.4 Test Data Format

The data collected during the NAIL program required careful use of the alrborne data
analysis and monitor system (ADAMS) and of the final data system. Of particular concern
was the ability to assess real-time data quality for.flight decisions, because 1023 channels
of measurements were being made during the combined test program and no ground-based
analysis system was available at the remote site. It was necessary to send the flight tape
to Seattle shortly after completion of the day's testing. This requirement did not allow
rerunning the tape on the ADAMS. Thetefore, essentially all decisions were based upon
real-time data obtained from the ADAMS .durinig flight. Further development of the
onboard ADAMS and the combined use of the final data system in conjunction with the
flight test Interactive graphics data analysis (IGDA) site aided in coping with this
probletn.

The basic ADAMS (fig. 37) could not handle the volume of data required by the IT9D-7R4
and NAIL programs. The expanded data handling capabilities of the analysis groups
doubted that of the basic system by using a second ADAMS on the RA0OL. The quantity of
data collected duting the program required systemn modification ih order to minimize

testing and preflight detays. These modifications to the onboard flight test system.

(fig..38) provided adequate remote-base support to the flight test program. Several

hardware and software. changes to the basic ADAMS were implemented to accomplish this
support.

Two other significant hardware changes were thade to the basic ADAMS. First, a fixed
head disk for..program and measurement information storage was used, .The fixed head
disk eliminated loading of Inforrnation through Cartriflles each time the systern was
brought onlifte. This Improvement was vital because activating the system required 1 to 2
min rather than 15 min as projected, based.oh the number of measurements required. A
15-mitt delay was unacceptable in terms of cost, if the syste should malfunction once
alrborne. Futther, rapid selection of preselected data sources was also a requirement in
view of the quantity of data belng measured and the concurrent test program to perriit
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N Table 19, Inboard Alleron :
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the test engineers to track their respéctive data. Second, a data measurement selector
was Incorperated into the ADAMS. This was necessary because approximately 1023
measurements were obtained during the flight test. The data measurement selector sent
data preselected for output to the digital-to-analog cunverter,

The original ADAMS software could not support the NAIL program during remote base
operation.. An onboard pressure coefficlent (PC) prograi was lacking, and thus develop-
ment.of an Inteérim program that satlsfled the needs of analysis was necessary. The PC
program was developed to use the Brush recorder as a quasigraphics system and. to use the
line printét for summary outputs. The program could calculate pressure coefficients for
up to 16 measurement groups with a maximum.of 20 pressure ports each. The output of
the program was displayed on the Brush recorder while a .summary table of port
differential pressures and pressure coefficient values was printed on the line printer. This
information was output either continuously or. upon keyboard command for a predeter-
mined time interval. The program provided real-time Information for determining data
quality and for making decisions on subsequetit test conditions.

Data were supplied in the forms of tables, computer-generated graphs, and data files on
magnetic tapes. Table 20 is an example of a pressure coefficient data table. Engine
performance and fuel flow examples are given in tables 21 :nd 22, An example of an
engine clearance data table is given in.table 23. Finally, table 24 is an example of a
turbine case temperature table. The magnetic tape data files included all the above

examples and basic airplane data for all flight conditions, plus acceleration data for the
heavyweight landing.

4.2 TEST RESULTS

8.2.1 Aerodynamic and Inertial Loads

4.2.1.1 Aerodynamic Loads

Pressures were measured at 252 ports in 12 rows nominally 30 deg apart on the inlet and
fan cowl of engihe 3. The actual spacing varled slightly for some ports because of
installation and arrangement requirements, (See Appendix A for detalls.) Fourteen ports
were found to have defective o doubtful transducers, and the Indicated pressures of those

ports were not used. Pressure data are presented graphically and In tabular form in

Appendix A.
ppe 75
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Ta compute resultant alrloads from the pressure data, a previously developed computer
prograrm was used. [t approximateés the inlet and cowl geemietry as a series of ceonical
¢ ‘ustums and adjusts for the tlit of the inlet axis with respect to the nacelle centerline by
irsertion of wedge-shaped surfaces, This procedure was checked by comparison to a
method based on a complete three-dimensional geometry definition. Resultant forces
ciffered by lass than 3%, and resultant yaw and pitching moments at the engine face
di{‘ered by less than 1%. (Rolling moments differed by 3.5% but are not significant
lMdS-)

Figure 39 shows the coordinate system for the resultant loads.

Table 25 gives resultant loads along with key airplane and engine parameters for 23 flight
coruditions.

Takeoffs<Four takeoffs—one at flaps 20 deg and 612 000 Ib grods weight and three at
taps 10 deg and gross weights of 538 000, 647 000, and 780 000 15 (simulated)-were
seiected for detailed loads analyses. For two takeoffs, time histories of résultant loads
were calculated for the purpose of correlating maximum clearance changes, whenever
they occurred, with the aerodynamic loads. For the 780 000 Ib takeoff, which was
simulated by a pullup manuever at 1000 £t above ground level, the analysis was done at
the ihstant the corre st airplane lift coefficient was reached.

The flape 20 deg, 612 000 Ib gross weight takeoff was the initial takeoff fot the entire
1est program. Peak load was reached at inter-range instrumentation group master clock
(IRIG) time 6:01:44. The pitching moment at the A-flahge was 329 000 in-Ib.

The 538 000 Ib takeoff occurted during test 273-10, and the time history covers the IRIG
span of 9:44:00 to 9:bb:11. Time histories of A-flange pitching moment and airtlow sensor
vane angle# during the takeoff rotation are given in figure 40. .he direct relationship of
load to flow angle is evident. Also note that the maximum moment for this condition
(401 000 in-1b) is considerably highet than the maximum for the flaps 20-deg takeoff,
table 25.

#The alrflow sersor vanes dre mounted on both sides of the fusélage ne:r the flight deck.
The flow angles indicated by the vanes dte influenced by flap setting, wing upwash, body
crosstlow, and other factors and should not be constued as aifplane angle of attack.
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Figure 39, Sign Convention feor Steady-Staze Loads, Engine 3
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Table 26, Engine 3 A-Flange Resultants

Alr-  |Pressure Referred| Load
Condition #pecd, aMtude,lmf'%LH girflow, lfactor, Fuolb | Fyolb lM N ‘MV;;
KCAS [#t ib/s  |g J} n n-

101 812K gross weight takoosft

{fiaps 20) 1578| 2663 | 0.260 | 1848 | 1.14 | 6001 | -2784 | -147 736 | -328 780
101 838K grots waight takaoft

(ttaps 10) 1610 266702380 1627 | 1.26 | 7197 |-2018 -162 262 | -400 766 |
101 847K gross weight takeott |

(flaps 10) 160.1.] 2634 | 0264 | 1524 | 1.17 | 7021 }-3112 | -180 328 | 424 087
118 780K gruss weight simu. ! i

lated tokdott (flaps 10/ [183.61 3646 | 0208 | 1673 | 1.20 | 8344 | -2787 [-134 048 | 430 184
102 Low climb 2188| 5861] 0.367 ] 1839 4670 | -1067 |~ 46361 | -206.043]
103 Mid climb 2004[17187| o609 | 1622 4084 |- 688 |- 25766 | -125 8ot
104 MHigh M cruise 213|38481| 0889 1833 2469 }-1023 |- 36317 | - 69441}
106 Low M cruise 288.3135612] 0.772] 1604 3478.}-1131 |- 42237 | -108 160
106 Max M 2090]138978] 0806 1642 302 |-464 |-~ 16779 + 18317
107 inflight relight 286.7{ 27850| 0.721} 1365 3277 | -736 | - 28639 | - 84 847
108 Maximum g 387.6]24513| 0.836] 1617 | -1410 | +984 | 29060| 98411
109  Stail warhing (flaps up) 1884|16964] 0301 1591 6437 | -1384 |- 63776 | -243 214
110 Stall warning (flaps 10) | 189.2] 16 230} 0.347| 1621 6229 | -2142 |- 87024 | -304 770
111 Stall warning (flaps 30) | 126.3] 17 048] 0.270| 1633 3927 | -1202 | - 72883 | -220 730
112 Idle descent 249.7] 8450 0439| 748 4130 | -1124 | - 20669 | - 97 234
113 Approach 1 157.4] 6003] 0.268| 1547 3707 | -1411 |~ 71607 | -201 864
114 Touch and go 168.5| 2681} 0.283| 1839 4388 | -2321 | -125 622 | -241 654
115 Thrust reverse 1132{ 2661] 0.179| 1369 44 |- 10]- 17208 - 40963
116 2.0g left turn (flapsup) | 277.5| 8397 | 0487 | 1862 | 1.98 | 7212 | -3469 | -133 202 | -284 186
117 1.6gleft turn (flaps 30) | 143.0] 8202| 0.260| 1839 | 1.61 | 6203 | -3872 | 191 221 | -284 587
120 2.0g right turn (flaps up) | 272.1| 8240| 0476 ] 1196 | 2.04 | 7834 | -1620 | - 47 488 -230 481
121 1.69 right turn (flaps 30) | 161.3] 8278 | 0.266| 1435 | 1.80 | 6416 |- 389 |- 10108 | -282023
123 Aitplane stall 116.7f o000} 0.207| 1851 6072 | -1613 | -~ 89 181 | -366 818
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Figure 40. Inlet Pitching Moment Time Histoty, 838 000 Ib Gross Weight Takeoff
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The- 647 000 Ib takeoff occurred during test 273-11 between IRIG time 10:1346 and
10:13:55. The pitching moment time history (fig. 41) shows that the maximum aero-
dynamic load occurred at IRIG.10:13:52, with a nose-up moment of 425 000 in-lb. The
load factor was 1.17g. S

The simulated high gross weight takeoff occurred during test 273-15 at IRIG 8:13:18, The
actual gross weight was 696 500 Ib, The simulation was achieved by performing a pullup
starting at 185 kn and 3646 ft altitude (about 1000 ft above ground) to produce the same
alrplatie lift coefficient that would occur during a 780 000 ib takeoff. (The original
intention. was to simulate an 820 000 Ib-gross weight. takeoff. However, insufficient
allowance was made. for speed reduction due to increasing climb gradient in the pullup
maneuver.) The moment at the A-flange was 430 100 in-1b.

Other Cases-Airloads for conditions other .than. takeoff were generally of substantially
lesser magnitude. However, certain cases were analyzed in greater detail because of
possible adverse combinations of aerodynamic loads and thermal transients in the engine.
Figure 42 shows a time Hhistory of the pitching moment at the engine face, engine airflow,
and body vane angle for condition 110 (stall warning 10 dég flaps). The maximum
momeht (305 000 in-1b) coincided with maximum éngine airflow, although the maximum
vane angle occurred earlier in the maneuver. The result shows that engine airflow is of
comparablé importance to angle of attack in determining inlet airloads.

Other cases given special atfention were the turns at constant altitude to achieve a
specified load factor. Engine clearance changes during these maneuvers were due to a
combination of aerodynamic. loads, g-loads, and gyroscopic loads. Condition 116,
'norninally a 2g turn to the left, was run during test 273-10 and achieved a.toad factor of
1.99 at IRIG 13:33:38. The A-flange moment was 264 200 in-lb. The indicated .pitch rate
was 4.29 deg/s and the yaw rate was about 2.9 deg/s on both engines. A 2g turn to the
right was performed during test 273-15 (condition {20) at IRIG 11:04:03. The moment was
239 500 in-1b, pitch rate was 5.5 deg/s, and yaw rate was 2.8 deg/s.-Turns of 1.6g at tlags
30 deg. were performed to the right and to the left. The left turn occurred during test
273-10, IRIG 1314107 (condition 117) with a moment of 284 600 in-Ib, pitch rate of
6.5 deg/s, and yaw tate of 3.7 degfs. The right turn occurted during test 273-15
(conditioh 121) at IRIG 11:07:25 with a rhoment of 282 000 in-1b, pitch rate of 7 deg/s, and
yaw rate of 4.7 deg/s. Pinally, an airplane stall occurred duting. test 273-10. The
motnent peaked at 367 000 in-fb at IRIG 13:26:16. This relatively high load level resulted
from a very high angle of attack.
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In this section all ioads pertain to engine 3. Prellminary review of the test data.indicated
that the pressurus on engine 4 were very close to the pressures of engine 3, implying that
the loads were about equal. Comparison of the aerodynamic loads determined in the NAIL

program with the loads predicted In task IIIA of the JT9D dlagnostic program (ref. 2),
indicate thats

) The most critical loads were higher than predicted because of higher angles of
attack than had been expected.

o The cosine law for the circumferential. pressure distribution assumed in task IMIA is.a
only a rough approximation of the actual distribution, especially in the critical
region neatr the highlight.

o The phase angle of the cosine distribution is about 20 deg from the vertical near the
highlight. and further into the inlet approaches 0 deg.

4.2.1.2 Inertiat Loads

Norrhal accelerations measured during takeoff and flight did not exceed l.3g except
during the high-g turn maneuvers. No significant turbulence was experienced during the
NAIL program. The différence between g-loads measured at the airplane center of
gravity and those measured on engines 3 and % was within the scatter of the data. In
other words, the instruments responded only to steady-state accelerations of the whole
airplane, experiencing no significant contributions from wing or nacelle flexible modes,

An exception. to the steady-state accelerations occurred. during a hard. landing in test
273-13. The airplane landed at 690 000 Ib gross. weight with 297 000.1b fuel and a sink
rate of approximately 10ft/s. Touchdown occurred at IRIG 8:20149. Vertical
acceleration at the airplane center of gravity was 1.53g, with peaks of 2g¢ at engine 4 and
1.78. at .engine 3. This case was.selected for. dynami¢ analysis. Another exception
octurred during test 273-10 during which a mild gust was encountered at IRIG [2:11:52,
Normal accelerations were 1.08g at the aleplane center of gravity and 1.3g at the engines.
Detalls of all these cases are shown in Appendix A.

Pitch rates during takeoffs did not exceed 3 deg/sy the: peak value being achieved before
reéaching the masxirmum load factor.
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4.2.2 Instalied Propulsion System Aerodynamics

Surface static pressures were measured on the nacelle and pylon of engine 3 (Inboatrd) and
engine 4 (outboard) and on nelghboring wing surfaces during three separate test flights
over the span of the test period. The initial flight, test 273-09, acquired data at M = 0.77,
0.80, and 0.86 and revealed Insteumentation probléms, which were partially corrected for
a secorid {light, test 237-12. The third flight, test 273-15, was tlown primarily to fulfill
the remalning NASA conditions, whieh included M = 091, The M = 0.91 test was not flown

until the end of the NAIL program when the speed restriction was removed concerning the
other Boeing developmental programs...

Data plots of the measured pressures are presented in Appendix B,
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APPENDIX A

1.0 Préssures
The locatlons of pressure parts en engine 3 are shewn In table A-1.

The coordinate system Is shown In figure A-1. The arc length from the highlight to the
port under considerations is denoted by "s." Positive values signify an external port and
negative values signify an internal port.

The © coordinate 1s the azimuth angle measured from the top-and.clockwise looking at the
inlet from the front.

A distinction was made between nominal values and actual values of s and 8. The nominal
values Shom and e'mm are convenient for the computerized .plotting of the data. In
practice, installing the pressure taps at the norinal location was not always possible
because of structural interferences. Consequently the actual § and @ are also listed.
Small discrepancies in actual pressure values resulting from these location shifts were
accounted for by interpolation in the pressure integration process. The axlal cootdinate z
(the normal distance from the highlight plane) is also listed.

Sevetal pressure tranducers gave unreliable or obviously erroneous readings. Therefore,
pressures were determined by averaging values measured at adjacent ports using suitable
welghting for geometric relationships. The ports for which such systematic substitutions
were made are listed in table A-2. Pressures that.still appeared to be errorieous after this
substitution were corrected manually before they were plotted.

A complete description of the pressure distribution function pls,8) at any polnt on the
Inlet is required to obtaln Inlet loads through integration. Because pressure was measured
only at the pressure taps, an Interpolation scheme was needed to determine the .pressure
at ether locatiohs. In the circumferential direction the Fourler-Bessel formula was used:

p(0) = Ag + ZA, cos (n0) + Z B, sin-(nd)
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The use of this formula leads to a p(@) function that fits every measured point-eéxactly and
ensured maximum smoothness in between. In the a-direction a linear interpolation was
used between measured polnts,

The coefficlents An and B, for all flight conditions are listed In tables A-3 to A-25. (Note
that in the lip area, 12 coefficients are tabulated, becausc-prossures were maasured at- 12

@ values. Elsewhere, only six cocfficlents are avallable, because omy six @ values were
lastrumented.)

The -axlal pressure distributions for each flight condition and. value of & are shown
graphically in figures A-2 to A-42, The pressures are plotted In. terms of pressure
coetficlent versus nominal arc lengths. Each flight condition. is covered by two pages, one
(inlet pressures) pertaining to the rows of pressure ports that extend all the way into the

Intet (l.e., 6 = 0 deg, 60 deg) and the. other (cowl pressures) pertalning to the rows that
extend to the tralling edge of the fan cowl (L.e.s 8 = 30 deg, 90 deg).

Oh engine 4, pressure taps were installed at three ciecurnferentlal.locations, 6 = 60 dr . ,
180 deg, and 300 deg. Axial pressure distributions are shown In figures A-48 to A-70. No
Fourier-Bessel coefficients were calculated for this engine because no integration was
carried out. The pressures were measured mainly for the purpose of comparison with

engine 3 pressures. Note that for some of the test condltions the power level of engine 4
was considerably different from engine 3.

2.0 INERTIAL LOADS

Recorded accelerations on inlets and strut-wing Intersections are presented. in tigures

A-7L to A-83 for both engines for conditions when dynamically interesting events
oceurred:

¢  Mild gust during test 273.10
¢  Hard landing during test 273-15

The graphs show alrplane parametars measured at alrplane center of geavity and enging

acceletations and. angular rates. Biglne accelerations were filtered to pass only
frequencies below 40 Hz. Pitch and yaw rates were filterad to 5 Hz,

A2
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ORIGINAL PRGET &3

OF POOR QUF\L\TV '
Table A-2. Pressure Corrections for Instrurmentation Prolilems
Engine 3
Row] @ | Port Avoragod from:
. No. | (dog)| No. -aow, port | Row, port] Row, port]  Row, port
" 2 30 |29 2,28 2,30 - —
p 3 60 |11 3,10 [ 3,12 1 4, 11
3 60 |14 3,13 3,16 2,14 4,14 i
4 | e0 f16 4,14 4, 16 3,18 B, 16 _‘
4 | 8020 | 428 4,30 - - |
T 6 120 [None|[ — - - - ;
= - @ | 150 | None -— - - - 3,
o 7 | 180 [12 7.1 7,13 6,12 | 812 ;
7 (180 |16 7.14 7,18 6,186 8,16
7 1180 |22 7,21 8, 22 8, 22 (8,23 and 8,23) '3
8 {210 |29 8 28 8,30 - - o
9 240 |18 9,17 9,19 8,18 10, 18 l
10 | 270 |None | =~ - - - ‘
11 | 300 |20 10, 20 12, 20 - - o
11 | 300 |21 10, 21 12, 21 - - 5
11 ]300 |22 10, 22 12,22 - -— ; i
12 | 330 [None — — - -— ,
Engine 4 i |
1 60 [ None — - — — !
2 1180 9 2,8 2,10 - -
3 300 Ndne — - - L] S .
i
|
; {
e A6
N
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